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ABSTRACT 
 
Sediment accumulated on a lakebed archives information about past climate and 
changes in the regional environment. Previous studies (Burgess, 2007; Koff, 2011; 
Palmer, 2012) in the Northeast Arm of Lake Champlain, specifically Missisquoi Bay 
and Saint Albans Bay, showed a period (~9,400 – 8,600 yBP) of elevated organic 
matter deposition in both bays, indicating a productive event that pre-dated any possible 
anthropogenic influence. However, the record was abruptly cut off and any 
documentation representing the span of time leading up to this event was not found. 
The elevated organic matter levels were explained as being the result of a warm, dry 
environment that reduced lake level and promoted productivity within the bay. 
A new goal was formulated to lengthen the Holocene record for Missisquoi Bay 
(MSB) and Saint Albans Bay (SAB) in order to compare paleorecords and capture the 
span of time leading up to this highly productive event, possibly related to the 
Champlain Sea/Lake Champlain Transition (~10,000 yBP). One sediment core was 
taken from each bay as close to the original coordinates as the sediment cores obtained 
in previous studies (Koff, 2011; Palmer, 2012). The sediment cores were processed in 
the lab and sediment samples were tested for water content (WC), %C, %N, C:N, and 
diatom content.  
Each bay’s sediment record consisted of a distinct marker representing lowest 
water level, separating a Champlain Sea unit at the bottom and an overlying Lake 
Champlain unit. A warming climate coupled with low lake level during this time may 
be the cause of the increase of productivity (%C) associated with the markers in both 
bays. Between ~8,600 – 9,400 yBP, a distinct marker represented evidence of a wetland 
in Saint Albans Bay before the onset of Lake Champlain. Diatom content in the wetland 
sediments indicated a generally shallow oligotrophic and alkaline body of water that 
shifted back and forth from brackish to freshwater. The record shows the wetland was 
eventually drowned as water level continued to rise, slowly transitioning into the Lake 
Champlain unit. Proxy results showed that internal processes within the lake continued 
to change in response to climatic and environmental drivers until present day conditions 
were reached.  
At ~9,400 yBP in Missisquoi Bay, there is an erosional unconformity between 
the Champlain Sea and Lake Champlain units, which corresponds to the low water 
levels also inferred from the SAB record during that time. After this unconformity, %C 
results show production within MSB fluctuated, similar to SAB, in response to 
changing climate and water levels until the present-day conditions of Lake Champlain 
were established. 
In sum, MSB and SAB each contain evidence of an ancient shoreline marker in 
different forms. Both markers indicate that lowest water levels occurred ~9,400 yBP 
and that lake level has risen ~7 – 8.5 meters since that time. The rise in lake level is 
associated with the transition into Lake Champlain. This Champlain Sea/Lake 
Champlain Transition lasted from ~9,400 yBP until ~8,600 yBP. Therefore, the oldest 
Lake sediment in the Northeast Arm of Lake Champlain is only 8,600 yBP. 
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CHAPTER 1: INTRODUCTION 
 
 A lakebed is an archive of historical events. Changes within the lake and 
surrounding watershed alter chemical and physical traits of organic and inorganic 
sediment deposited continuously over time (e.g. Bradbury et al., 1981; Colman et al., 
1990; Hodell et al., 1999; Meyers & Teranes, 2001; Smol, 2008). These chemical and 
physical characteristics can be analyzed in different ways and can be used to interpret 
changes in productivity both in the lake and/or in the watershed, changes in lake level, 
and changes in climate over time. Lake Champlain has historic, economic, and 
environmental significance, which makes it a relevant candidate for this type of study. 
 Three previous studies (Burgess, 2007; Koff, 2011; Palmer, 2012) focusing on 
Holocene sediments deposited in Missisquoi Bay and Saint Albans Bay have detected an 
unusually productive event (characterized by elevated levels of %C) in both bays dating 
back ~8,000 – 9,000 yBP. It was concluded that this might have been due to a lower lake 
level associated with warm, dry conditions favorable for macrophyte and algae growth 
(Koff, 2011; Palmer, 2012). It is worthy to note that this unusually productive event pre-
dated any sort of significant anthropogenic settlement in the area, and that the date 
approximated for the event (~9,400 yBP) falls close (within 1,000 years) to the estimated 
date for the transition from Champlain Sea to Lake Champlain. Therefore, it was 
hypothesized that this event was recorded in the sediment as a result of the change in 
salinity and water level ultimately controlled by isostatic rebound after the retreat of the 




study with the aim of expanding work and to provide answers to research questions that 
had remained unsolved. 
This present study focuses on the Holocene sediments deposited in Missisquoi 
Bay and Saint Albans Bay and will compare its results primarily to those from Koff 
(2011) and Palmer (2012).  
 The overarching goals of this research project are to: 
• To better characterize the Champlain Sea/ Lake Champlain (CS/LC) Transition by 
extending the known paleorecords of Missisquoi Bay and Saint Albans Bay well 
into the Champlain Sea unit 
• Determine if sediment records from Missisquoi Bay and Saint Albans Bay are in 
agreement with each other in relation to characteristics (chemically, biologically, 
and lithologically) to see whether these two bays responded similarly to the 
CS/LC Transition 
• Quantify the date and the duration of the CS/LC Transition 
• Constrain a figure representing lake level change since the change from the 
Champlain Sea to Lake Champlain and compare the magnitude of lake level 
change from this study to those obtained from other studies 
• Study the impacts of the salinity change associated with the CS/LC Transition on 
aquatic ecosystems 
 
In order to achieve these goals, one core was extracted from each Saint Albans 
Bay and Mississquoi Bay. These cores were logged, processed, and measured for %C, 




terms of salinity, depth, and trophic levels) existed at the time of the CS/LC Transition. 
Results for each core were used to compare to each other and also to compare with results 
from previous studies. This aided in constructing a more complete chronology for the 
history of the Northeast Arm including the conditions surrounding the transition from the 




CHAPTER 2: LITERATURE REVIEW 
2.1 Using Lakes as a Paleoenvironmental Archive 
2.1.1 Why Lake Sediment? 
 Lake sediments are very useful for reconstructing environmental and climatic 
changes over time. Lakes act as reservoirs that collect and store organic and inorganic 
materials due to sedimentation from within the lake itself and erosion of the surrounding 
watershed (e.g. Bradbury et al., 1981; Colman et al., 1990; Hodell et al., 1999). Thus, the 
physical and chemical characteristics of lake sediment provide information about the lake 
and its surroundings (Figure 2.1).  
 
 
Figure 2.1: Schematic diagram showing the potential sources of organic material accumulating 
in the lake bottom (Burgess, 2007). 
 
Different factors, such as lake level, sedimentation and erosion rates, grain size, 





The organic portion of the lakebed is mostly affected by changes in productivity both 
within the lake and/or its watershed (Meyers & Teranes, 2001). As sediment is 
continuously deposited over time, these minute fluctuations in chemistry and lithology 
have the potential to produce an archive that allows scientists to reconstruct past 
environmental conditions and make predictions for possible changes and impacts in the 
future (e.g. Hodell et al., 1999, 2005; Meyers & Teranes, 2001; Noren et al., 2002; Parris, 
2003; Leng & Marshall, 2004; Parris et al., 2009). 
2.1.2 Why Lake Champlain? 
 Lake Champlain is a very important landmark historically, environmentally, 
economically, and recreationally for both the U.S. and Canada (Figure 2.2; Myer & 
Gruendling, 1979). This study specifically focuses on two shallow bays within the 
Northeast Arm of Lake Champlain: Missisquoi Bay and St. Albans Bay (Figures 2.3 & 
2.4). These two bays have been included (either as one of many study sites or as the 
primary focus) in three previous UVM Geology Master’s research projects (Burgess, 
2007; Koff, 2011; Palmer, 2012) and were originally chosen due to recent issues with 
anthropogenically influenced eutrophication (e.g. Smeltzer, 2003; Burgess, 2007; Levine 






Figure 2.2: Map of Lake Champlain watershed showing the location of the Adirondack 
Mountains and the Green Mountains. The watershed covers 21,326 km2 (Henson & Potash, 










Figure 2.3: Location of Saint Albans Bay and Missisquoi Bay within the Northeast Arm of Lake 












Figure 2.4: Detailed map of the Northeast Arm of Lake Champlain. The two study sites are 
labeled accordingly, and blue stars are used to show the location of the sediment cores within the 
two bays. The table shown at the bottom of the figure displays the surface area, average depth, 
maximum depth, and catchment area in metric units for both bays. 
 
Understanding how these bays have responded to changes in climate and different 
ecological shifts in the past can help shed light on how this lake and other bodies of fresh 
water in the region may change in response to future climate variations. In the event that 
global climate becomes warmer, sea level rise and saltwater inundation of fresh water 
habitats is imminent (Ganopolski & Rahmstorf, 2001; Ranjan et al, 2006; Kundzewicz et 
al., 2008, 2009). A body of water called the Champlain Sea, a marine to brackish 
environment, once occupied the Champlain Valley and was succeeded by Lake 




1937; Fillon & Hunt, 1974; Cronin, 2008). The opportunity to study this change from 
saltwater to freshwater makes it possible to learn more about lake system dynamics 
associated with changes in salinity. Gathering more information about how water system 
ecology changes based on salinity will give scientists and researchers an idea of what to 
expect for freshwater bodies threatened by possible sea level rise, and possibly how long 
these freshwater bodies might take to recover back to freshwater. 
 
2.2 Lake Champlain 
2.2.1 Limnology 
 Lake Champlain is located in the Northeastern United States along the border of 
New York and Vermont (Figures 2.2 & 2.3). This body of water is the sixth largest 
naturally formed cold-water lake in the U.S. Lake Champlain drains northward, flowing 
into the Richelieu River, the St. Lawrence River, then ultimately empties into the Atlantic 
Ocean (Myer & Gruendling, 1979). 
 The lake runs north-south, stretching 193 km long and 19 km at its greatest width. 
The lake contains a mean water volume of 25.8 km3 and the surface area of the lake is 
1,127 km2 (Lake Champlain Basin Program [LCBP], 2011). The Lake Champlain 
watershed covers 21,326 km2 (Henson & Potash, 1969), and 56% of the watershed is 
within the border of Vermont (LCBP, 2011). Maximum lake depth is 122 m, with an 
average of 19.5 m (LCBP, 2011). The average water level elevation is 29.1 m asl, with a 
typical variation of about two meters per year. The record low water level was recorded 




2011 (LCBP, 2011).  
 Eutrophication is an issue that currently plagues different parts of Lake 
Champlain, Missisquoi Bay in particular. Excess nutrient runoff from agricultural land 
increases levels of phosphorus and nitrogen, which encourages the growth of seasonal 
algal blooms that are detrimental to water quality, lake ecosystems, and recreational 
activity (VTDEC, 2009; Levine, 2012). High phosphorus content is characteristic of 
eutrophic conditions, whereas low phosphorus content is associated with oligotrophic 
lakes. Phosphorus is usually a limiting nutrient for lake productivity, but anthropogenic 
influence (mostly from fertilizers) may substantially increase phosphorus load, which can 
facilitate harmful algal bloom development and ‘cultural eutrophication’ (Schindler, 
2006; US EPA, 2009; LCBP, 2011; Levine et al., 2012). The main body of Lake 
Champlain is reported to be oligotrophic to mesotrophic, while Missisquoi Bay and Saint 
Albans Bay are considered eutrophic (LCBP, 2011; Levine et al., 2012). 
2.2.2 Underlying Geology of the Lake Champlain Basin 
 The Champlain Basin is a north-south oriented valley that is bordered by the 
Adirondack Mountains to the west and the Green Mountains in the east (Figure 2.2). The 
east and north sections of the basin are mostly underlain by sedimentary beds formed 550 
– 450 million years ago during the existence of the Iapetus Ocean. The Taconic Orogeny 
(440 mya) closed this ocean, producing the medium- to high-grade metamorphic rocks 
that make up the Green Mountains (Doolan, 1996). The Taconic Orogeny is also the 
cause of the north-south oriented thrust faults that run the length of the Champlain Basin. 




eastern shore of Lake Champlain. The Champlain Thrust consists of the Ordovician-aged 
Iberville Shale overlain by Cambrian Dunham Dolostone. The Iberville Shale formation 
underlies much of Lake Champlain and its eastern shore. Limestones, dolostones, and 
sandstones occupy the lower elevations of the eastern Lake Champlain watershed, and 
metamorphic rocks dominate the bedrock geology at higher elevations (VT State 
Geologic Map, 2013). 
 The bedrock formerly described has been scoured, carved, and then overlain by 
surficial material (till consisting of gravel, clays, silts, and sand) deposited from the 
Laurentide Ice Sheet since its retreat (Ridge, 2008). After the retreat of the ice sheet from 
the Champlain Basin, freshwater Lake Vermont occupied the valley, succeeded by the 
Champlain Sea, and finally Lake Champlain (Chapman, 1937). 
 
2.3 Post-Glacial History of the Champlain Valley 
2.3.1 General Overview 
 This study aims to focus on the more recent sediments deposited in Lake 
Champlain Basin after the last glaciation, so this section will only be outlining the 
detailed geologic history of the basin since ~14,000 years ago. 
 During the Wisconsinan Glaciation, the Laurentide Ice Sheet covered what is 
present-day Canada and most of the Northern US (Alley & Ágústsdóttir, 2005; Cronin et 
al., 2008, 2012). The advancing glacier carved out the north-south oriented Champlain 
Valley. Deglaciation occurred between 23,700 and 13,000 yBP (Ridge, 2008; Shuman & 




foot of the glacier due to the glacier itself blocking any route of escape and formed a 
series of proglacial lakes (Alley & Ágústsdóttir, 2005). The body of water that first 
formed within the Champlain Basin between ~14,000 –12,500 yBP is called Lake 
Vermont (Figure 2.5). “Lake Vermont” is a collective term for the varying stages of this 
proglacial lake that occupied the basin during this time (Chapman, 1937; Fillon & Hunt, 
1974; Schlegel, 1994; Rayburn et al., 2005).  
 
 
Figure 2.5: Lake Vermont is the body of water that occupied the Champlain Basin ~14,000 – 






As deglaciation progressed, the St. Lawrence River Valley was uncovered 
(~13,000 yBP) (Rayburn, 2005; Cronin et al., 2012). The St. Lawrence River Valley had 
become isostatically depressed below sea level because the massive glacier weighed 
down on the Earth’s crust and forced the mantle underneath to flow laterally (Chapman, 
1937; Rayburn, 2005). Once the ice melted, it created an escape route for the freshwater 
from Lake Vermont to drain rapidly to the northeast into the Atlantic Ocean. 
Subsequently, this opening also allowed marine waters from the ocean to flow into the 
Champlain Valley and mix with glacial meltwater (Figure 2.6).  
 
 
Figure 2.6: Map of Northern U.S. and Canada during the extent of the Champlain Sea ~10,000 
yBP. The Champlain Sea is shown occupying the Champlain Basin, including the open St. 
Lawrence Seaway to the northwest (Adapted from Cronin, 2008). 
 
The mixing of marine and lacustrine waters formed a brackish, shallow water 





Robinson, 2012). This body of marine water occupied the valley until ~9,000 yBP, when 
the isostatic rebound of the St. Lawrence cut off the source of Atlantic marine water to 
the Champlain Sea. Gradual freshening of the Champlain Sea due to glacial meltwater 
input and precipitation has created the present Lake Champlain that we know today 
(Chapman, 1937; Fillon & Hunt, 1974). 
 
 
Figure 2.7: Map shows the Champlain Valley during the extent of the Champlain Sea, ~13,000 – 






2.3.2 The Champlain Sea/Lake Champlain Transition 
The focus of most previous studies of the post-glacial history on this basin has 
been to investigate the lacustrine-to-marine transition from Lake Vermont to Champlain 
Sea (e.g. Cronin et al., 2008; Rayburn et al., 2011). Therefore, knowledge about the 
transition from Champlain Sea to Lake Champlain is limited. 
Changes in lithology and microfossil assemblages define the boundaries between 
the three units: Lake Vermont (~14,000 – 13,000 yBP), Champlain Sea (~13,000 – 9,000 
yBP), and Lake Champlain (~9,000 yBP – present) (Chapman, 1937; Fillon & Hunt, 
1974; Schlegel, 1994; Rayburn et al., 2007; Cronin et al., 2008; Rayburn et al., 2011; 
Robinson, 2012). Many studies have used changes in salinity and temperature, as inferred 
from faunal stratigraphy to identify these three units in sediment cores and land sections 
(Fillon & Hunt, 1974; Hunt, 1980; Corliss et al., 1982; Schlegel, 1994; Richard & 
Occhietti, 2005; Cronin et al., 2012). The Champlain Sea/Lake Champlain (CS/LC) 
boundary can be distinguished by the decreasing diversity of fauna, usually accompanied 
by the appearance of freshwater ostracodes and the disappearance of foraminifera (Hunt, 
1980).  
The focus of most previous studies has been to investigate the lacustrine to marine 
transition from Lake Vermont to Champlain Sea (e.g. Cronin et al., 2008; Rayburn et al., 
2011), and knowledge about the transition from CS to LC is limited. Changes in lithology 
and microfossil assemblages help determine the boundaries of the three units; Lake 




Champlain (~10,000 yBP – present) (Chapman, 1937; Fillon & Hunt, 1974; Cronin et al., 
2008; Rayburn et al., 2011; Robinson, 2012). Though many studies debate an accurate 
date for the onset of Lake Champlain, results from the present study show that for the 
Northeast Arm it may have formed later than originally thought. 
There has been an ongoing debate about the exact timing of the end of the 
Champlain Sea, probably due to a combination of the lack of information about the 
CS/LC Transition in general and the issue of the marine reservoir effect, which makes it 
difficult to date organic material (especially shells) found in the Champlain Sea sediment 
(Rodrigues, 1988). Carbon concentrations of marine organisms are not at equilibrium 
with the atmosphere and are instead at equilibrium with oceanic carbon concentrations. 
These skewed concentrations indicate an inaccurately older age because the marine 
organism contains a larger amount of 14C than a terrestrial organism of the same age. 
Many studies have attempted to take the marine reservoir effect into account when dating 
the microfossils found at each unit boundary but corrections have resulted in ages that 
vary by hundreds to thousands of years (Parent & Occhietti, 1999; Dyke et al., 2003; 
Richard & Occhietti, 2005; Rayburn et al., 2007). To avoid this kind of error, it would be 
best to obtain other types of organic material, such as pieces of wood, in order to 
determine an accurate date for this event.  
2.3.3 Differential Tilting of the Basin and Lake Level Change 
Over the course of thousands of years, the Laurentide Ice Sheet slowly retreated 
far enough northward to a point where it was no longer occupying the Champlain Basin, 




Champlain Basin during the extent of Lake Vermont (~14,000 – 12,500 yBP) (Chapman, 
1937; Fillon & Hunt, 1974; Schlegel, 1994; Cronin et al., 2008; Rayburn et al., 2011), 
allowing the southern end of the basin to rebound first. The northern end of the basin 
began rebounding much later, which was the mechanism behind the cutting-off of the 
marine water source to the Champlain Sea (~12,500 – 9,000 yBP) (Chapman, 1937; 
Fillon & Hunt, 1974; Schlegel, 1994; Rayburn et al., 2011). 
There are several studies whose focus was to quantify the amount of lake level 
change due to isostacy (Chapman, 1937; Beardwood, 1983; Astley, 1998; Athan, 2010). 
Chapman (1937) investigated the preserved stranded beaches, shorelines, river deltas, and 
wave-built terraces that are located above the elevation of present-day Lake Champlain. 
These unconsolidated deposits represent previous water levels of Lake Vermont and the 
Champlain Sea, which were both deeper than present day Lake Champlain. The angle of 
these deposits from horizontal represents the degree of basin tilt since the northern end of 
the basin began to rebound (Figure 2.8; Chapman, 1937; Athan, 2010). Chapman (1937) 
also remarked on the change in water level evidenced by submerged features, such as 









Figure 2.8: Chapman's (1937) data showing the tilted water planes found in New York and 
Vermont.  
 
Chapman (1937) interpreted the Port Henry water plane (50’ elevation) as the 
deepest erosional feature, concluding that it was formed at the lowest water level 
elevation that occurred when the Richelieu sill cut off the marine source of water to the 
Champlain Basin. Further evidence for low lake level was supported by submerged river 
channels found in other studies based at different locations (Chase, 1972; Wiley, 1972; 
Beardwood, 1983). Beardwood (1983) investigated sizeable river channels (.2 miles 
wide, 40 feet deep) at Town Farm Bay, located in Charlotte, VT. Chase (1972) and Wiley 
(1972) found erosional features below Chapman’s Port Henry water plane near Four 
Brothers Islands and Button Bay, respectively. 




quantify lake level change throughout the Holocene. Astley’s (1998) two study sites were 
the Alburg Dune Wetlands (~12 miles northwest of Saint Albans Bay) and Colchester 
Bog (~30 miles south of Saint Albans Bay) (Figure 2.9). She interpreted her findings as 
three phases of continual lake level rise in response to the changing rate of isostatic 
rebound since the beginning of glacial retreat. Using sediment cores and radiocarbon 
dates primarily from peat samples, she estimated that within the Northeast Arm of Lake 





Figure 2.9: Map showing the location of Missisquoi Bay, Saint Albans Bay, and the Alburg 
Dunes Wetlands. The Alburg Dunes was the study site for Astley (1998) (Image adapted from 






Figure 2.10: Lake level curve illustrating the rate of lake level rise since ~9,320 uncalibrated yBP 
(10,991 – 9,877 cal yBP) (Astley, 1998). Lake level was reconstructed for her study using wetland 
migration. 
 
2.4 Regional Climate Studies 
 The Early Holocene (~11,000 – 9,000 yBP) exhibited cool and dry conditions in 
the Northeast (McFadden et al., 2005; Mullins et al., 2011) and paleolimnological studies 
have suggested that lake levels were generally lower than the present (Dieffenbacher-
Krall & Nurse, 2005). It has been shown that organic matter (OM) content began to 
increase within lake sediments in the Northeast region at around ~9,400 yBP, possibly 
due to the onset of warming climate during that time (McFadden et al., 2005). 
 The Hypsithermal Period (~9,000 – 5,300 yBP) presented a climate slightly 
warmer than at present, and is thought to have been the warmest and wettest period 
within the Holocene (Webb et al., 1993; Ganopolski et al., 1998; Ruddiman, 2001; 
McFadden et al., 2005). These wet conditions resulted in generally higher lake levels 




warm, this period was punctuated by two dramatic cold events: the 8,200 yBP cooling 
event and the Little Ice Age (~400 yBP; Keigwin, 1996). These are the only two cold 
events to incur a reduction in the amount of organic matter in the lake sediments (Koff, 
2011). 
 The Neoglacial Period (5,300 yBP – 1800 AD) was cooler and drier than at 
present, once again causing lower lake levels in the Northeast (Dieffenbacher-Krall & 
Nurse, 2005; McFadden et al., 2005). The Neoglacial was also punctuated by two 
climatic anomalies: the Medieval Warm Period and the Little Ice Age. The Medieval 
Warm Period (~1000 yBP) was a warm event caused by solar forcing and Earth system 
feedbacks (Bradley, 2005). The Little Ice Age (~400 yBP) was possibly caused by one or 
a combination of orbital variability, volcanic event(s), and/or solar activity, which led to 
slightly cooler conditions (Bradley, 2005; Ruddiman, 2008). 
 The Anthropocene is the period named for its significant human influence on the 
climate. It began with the Industrial Revolution, and spans from 1800 AD to the present 
(Crutzen & Stoermer, 2000). Within the last ~200 years, increased human activity has 
had a definite influence on Lake Champlain, as evidenced by its sediment record 
(Burgess, 2007; Koff, 2011; Levine et al., 2012; Palmer, 2012). 
 
2.5 How To Characterize Lake Sediment Material 
There are many different ways to analyze sediment from lake cores in order to 
retrieve information about past climate and environments. Proxies utilized in this study 




for investigating different characteristics of sediment, including lithology, biologic 
content (diatoms), geochemistry, and organic matter (OM) (Chatelet et al., 2009; 
Castenada & Schouten, 2011; Zhang et al., 2012). Carbon to nitrogen ratios (C:N) have 
often been applied to determine the source of organic matter (e.g., Rounick et al., 1982; 
Badeck et al., 2005). Paleoclimate and paleoenvironmental records can also be 
constructed using other proxies, such as stable carbon isotopes, diatoms, and mineralogy 
(Meyers & Teranes, 2001; Zhang et al., 2012). 
2.5.1 Sedimentary Organic Matter 
Organic matter (OM) is useful in determining the level of aquatic productivity 
within a lake (Silliman et al., 1996; Brenner et al., 1999). The percentage of organic 
carbon (%C) is directly proportional to the amount of organic matter in the sediment. 
Generally, when climatic conditions are optimal for plant growth, more organic matter 
(OM) is produced and deposited, yielding a spike in %C in sediment. Conversely, a 
climate that is not suitable for plant growth will cause less OM to be produced and cause 
a low amount of %C in sediment. However, %C values also depend on the amount of 
organic and inorganic input and the degree of preservation and degradation of the OM 
(Meyers, 1997). Plant tissues typically contain 45 – 50% carbon whereas lake sediment 
displays a range of < 1 – 40%  (Meyers & Teranes, 2001). 
C:N ratios of lake sediment have been helpful in gaining information about the 
source of OM (Rounick et al., 1982; Badeck et al., 2005). During periods when the lake 
experiences high levels of productivity, OM is dominated by algae and macrophytes, 




OM is predominant and C:N ratios will be higher (Meyers & Teranes, 2001). 
2.5.2 Stable Carbon Isotopes 
Stable carbon isotopes (δ13C) are also useful in determining the type of OM 
deposited in a lake. During photosynthesis, there is a varying degree of discrimination 
between the uptake of light and heavy isotopes of carbon (12C and 13C, respectively). The 
isotopic composition of plants is determined by the concentration of CO2 or water in the 
atmosphere, the isotopic composition of the CO2, and their photosynthetic pathway (C3, 
C4, or CAM) (O’Leary, 1988). Typically, C3 terrestrial plants and algae have a δ13C 
value of about -25 to -300/00 while C4 plants have a δ13C value of around -100/00. The 
δ13C values of algae can become enriched or depleted in 13C depending on the amount of 
CO2 available in the environment (Meyers & Teranes, 2001), which makes δ13C values 
useful in identifying fluctuations in lake productivity levels over time. 
2.5.3 Diatoms 
The development of diatom populations is encouraged by different drivers, 
including temperature, acidity, trophic status, and salinity. These various factors that can 
be quantified based on diatom populations make them one of the most widely used 
indicators of climate-induced environmental changes (Tibbey et al., 2007). Quillen et al. 
(2013) studied a core extracted from Lake Annie, a protected sinkhole in Florida. They 
were then able to analyze diatom content and measure changing trophic state and acidity 
levels of the lake over the course of the last ~11,000 cal yBP. Espinosa et al. (2011) was 
able to calculate the magnitude of salinity change in Argentinian estuaries due to 




(1999) sampled sediment cores from Luondonjärvi Bay in an attempt to monitor the 
transition from a brackish-water to a freshwater environment. Changes in pH, eutrophy, 
and salinity levels were able to be quantified using diatom population percentages. 
There is a broad scope of research dedicated to the study of diatom assemblages 
in Lake Champlain (e.g. Fillon & Hunt, 1974; Hunt, 1980; Hunt & Rathburn, 1988; 
Schlegel, 1994; Lapointe, 2000; Cronin et al., 2012; Levine et al., 2012). However, 
diatom analysis across the transition from Champlain Sea to Lake Champlain is lacking, 
weakening our understanding of the shift from salt to freshwater conditions at that time. 
A change from diatoms with a saltwater or brackish-water preference to freshwater 
diatoms would point out the location of the transition from Champlain Sea to Lake 
Champlain in the sedimentary record for each bay (Dixit et al., 1992). If the extent of a 
transitional phase could be detected, then the duration of this transition can be 
constrained. 
2.5.4 Sediment Chronology  
Radiocarbon dating involves collecting organic matter and measuring the amount 
of radioactive 14C left in a sample in order to constrain a date of death (Bjork & 
Wohlfarth, 2001). Over the course of its life, a plant will absorb CO2 from the 
atmosphere, with a portion of that CO2 containing 14C. Therefore, every plant and 
animal’s concentration of 14C is at equilibrium with the concentration of that unstable 
isotope in the atmosphere. When the organism dies, it is no longer able to absorb CO2 and 
therefore the 14C in its structure is no longer being replenished and begins to decay (half-




of carbon isotopes in the atmosphere have not been constant over time, and have been 
especially skewed due to relatively recent anthropogenic activity.  
  The problem with obtaining an accurate date is due to the carbon reservoir 
effect, which means that the concentrations of different carbon reservoirs vary over time. 
An organism’s radiocarbon concentration is at equilibrium with its surroundings when it 
dies, but if the concentration of the environment is not known, calibrating an age is a 
more complicated process (Talma & Vogel, 1993; Cohen, 2003). Scientists try to correct 
for this error using calibration curves to account for the true concentration of the 
environment that the sample came from. In this study, tree-ring data were used to produce 
a reconstruction of the radiocarbon concentration in the atmosphere (Talma & Vogel, 
1993).  
 
2.6 Previous Paleolimnological Studies within the Northeast Arm of Lake 
Champlain 
2.6.1 Missisquoi Bay 
 Missisquoi Bay has been the focus of many studies, mostly due to the issue of 
eutrophication that plagues the clarity of the bay (e.g., Fillon, 1970; Burgess, 2007; Koff, 
2011; Levine et al., 2012). In 2007, Heather Burgess (2007) performed a study involving 
sediment cores (both piston and gravity cores) from various locations within Lake 
Champlain. The cores from Missisquoi Bay (MSB2006) and one from Saint Albans Bay 
(STB2006; discussed in the next sub-section) are most relevant to the present study.  




encompassed ~8,000 years (Figure 2.11; MSB2006). The elemental analysis results from 
MSB2006 showed high levels of %Corg within the top 60 cm of the core, and rather 
stable, unchanging values (~1%) from 60 to 170 cm. The bottom section of the core 
displayed a sharp increase in %Corg levels reaching ~2% (Figure 10). As of the Burgess 
(2007) study, the causes behind the sharp increase in %C in the oldest section of the core 
remained inconclusive, although the most recent increases in the %C record were 
attributed to early human settlement in the area (Levine et al., 2012). 
 The study done by Andrew Koff (2011) was interested in extending the sediment 
record of Missisquoi Bay in order to gather more information about the history of the bay 
and investigate the possible factors surrounding the elevated levels of %C noted at the 
bottom of the Burgess (2007) core. The locations for Koff’s (2011) cores were a few 
kilometers further south within Missisquoi Bay than Burgess’ (2007) MSB2006 (See 
Section 3.1 for coordinates of all cores). Koff’s (2011) two cores (1MSB & 2MSB) from 








Figure 2.11: Graph shows %C, C:N, δ13C, and BSi data versus age in years from the MSB2006 
core (Burgess, 2007). 
 
Analysis showed that the 1MSB core contained the longest record (Koff, 2011) 
and therefore, data from that core will be discussed here and will later be compared to 
results from the present study. The 1MSB core measures 275 cm in length. The age of the 
bottom of the 1MSB core was estimated to be ~9,000 yBP based on three radiocarbon 
dates. From 275 to 245 cm, the core displays an increase in %C from 1.1 to 2.1%, 
followed by a sharp drop to 1.0% between 245 and 235 cm (Figure 2.12). The initial 
increase in organic matter content was attributed to a warmer, drier climate and low lake 
level, leading to higher aquatic productivity in the bay. The subsequent sharp decrease 
was attributed to the 8,200 yBP cooling event (Alley & Ágústsdóttir, 2005; Mullins et al., 
2011), which drastically reduced plant growth. Koff (2011) found that both of his cores 




unconformities. He concluded that if the water level of the bay had dropped significantly 
at any point in time, there would be gravel and pebbles deposited in the middle of the 
bay, similar to what is deposited at the mouth of the Rock and Missisquoi Rivers 




Figure 2.12: 1MSB data including %C, C:N, δ13C, biogenic silica (BSi), water content (WC), 
magnetic susceptibility (MS), and grain size (GS) versus age in cal yBP. The different periods 
distinguished in this core are color-coded (Koff, 2011). 
 
2.6.2 Saint Albans Bay 
 The Saint Albans Bay piston core from the Burgess (2007) study contained 143 
cm of sediment and the bottom of the core was dated at ~7,000 yBP (Figure 2.13; 
STB2006).  Elemental analysis showed %Corg levels of ~4.6% at the very bottom of the 
core (-3,500 years, 143 cm), gradually decreasing until about 4000 yBP (Figure 2.13). 








Figure 2.13: Graph shows %C, C:N, δ13C, and BSi data versus age in years from the SAB2006 
core (Burgess, 2007). 
 
 Burgess’ (2007) study inspired the concept to extend the sediment record for Saint 
Albans Bay, in order to gather enough information that could be used to explain the 
driving factors behind the elevated levels of %C at the bottom of her core. Palmer (2012) 
performed a study focusing on Saint Albans Bay. Two cores were extracted from Saint 
Albans Bay (SAB1 & SAB2) with the goal of extending the sediment record beyond 
~7,000 yBP (See Section 3.1 for core locations). The longest core was SAB1, the results 
of which will be compared to those of the Saint Albans Bay core in this present study. 
SAB1 was 259 cm long and the oldest sediment within the core was dated ~8,600 yBP 
using an age model based on three radiocarbon dates. The oldest section of the %C record 
shows a dramatic increase in %C values (3.5 - 8.6; ~8,600 yBP; Figure 2.14). Because 




conclusively determine the causes of this %C peak, except that it had to have been caused 
by natural fluctuations in climate and changes in the watershed.  
 
 
Figure 2.14: SAB1 data including %C, C:N, MS, BSi, δ13C,  and GS versus age in cal yBP. The 
different periods distinguished in this core are color-coded (red=Period 1, green=Period 2, 
orange=Period 3, blue=Period 4; Palmer, 2012). 
 
 All three previous studies (Burgess, 2007; Koff, 2011; Palmer, 2012) have 
identified elevated levels of organic matter at the very bottom of their cores. Both 
Missisquoi Bay and Saint Albans Bay sediments display higher OM content at ~8,000 – 
8,600 yBP, but the driving factors behind this productive period were not clearly 
identified since the older span of time leading up to it was not encompassed in their 
sediment cores. Possible hypotheses to explain this productive event included lower lake 
level due to basin tilting and a warmer, drier climate; both would have encouraged plant 




CHAPTER 3: METHODS 
3.1 Field Methods 
3.1.1 Core Collection  
Two cores were collected from Missisquoi Bay and Saint Albans Bay in February 
and March of 2013 using a modified Reasoner piston corer fitted with a 15’ long 3” OD 
PVC pipe (Figure 3.1). An ice auger was used to drill holes into the ice, creating an 
opening big enough for the coring device to fit through. A coring driver was hooked onto 
the core lines so it could move freely above the coring apparatus when the entire device 
was placed in the water. The core driver was repeatedly lifted and dropped on the top of 
the PVC pipe, hammering it deeper into the lake bottom. After retrieving the coring 
device from the water with a winch, the pipe containing the sediment was cut into 
roughly 1.5 m segments for easier transport back to the lab. 
Both cores were taken as close as possible to the original coring locations of the 
Koff (2011) and Palmer (2012) studies (Figs. 3.2 and 3.3). This ensures that new proxy 
records can be compared with those established in the previous studies (Table 3.1). 
Longer cores than those recovered in Koff’s (2011) and Palmer’s (2012) studies were 






Figure 3.1: Modified Reasoner piston corer used to retrieve cores from Saint Albans Bay and 




Figure 3.2: Locations of previous core sites within Missisquoi Bay are shown, including that of 
MSB2006 (Burgess, 2007), 1MSB, and 2MSB (Koff, 2011). Note that MSB13 was taken at the 
same coordinates as the 1MSB coring site (Image originally from Google Maps, adapted from 







Figure 3.3: Core locations are shown in Saint Albans Bay, including SAB1, SAB2 (Palmer, 2012), 
and SAB2006 (Burgess, 2007). Note that SAB13 was taken at the same coordinates as the SAB1 
and SAB2006 coring site (Image modified from Google Maps). 
 
Table 3.1: The cores involved in this study were taken as close to the same coordinates as cores 
taken from previous studies (Burgess, 2007; Koff, 2011; Palmer, 2012). The table below includes 
the core name, which study it was from, the date the core was obtained, coordinates, core length, 
and water depth at the time the core was retrieved.  















MSB2006	   March	  2006	   45.0316	   73.1300	   185	   4.0	  
Koff,	  2011	   1MSB	   March	  2010	   45.0131	   73.1088	   275	   3.6	  
Belrose,	  
2013	  
MSB13	   Feb	  2013	   45.0153	   73.1000	   329	   4.7	  
Burgess,	  
2007	  
SAB2006	   March	  2006	   44.7833	   73.1500	   143	   6.0	  
Palmer,	  
2012	  
SAB1	   March	  2010	   44.7967	   73.1500	   259	   5.1	  
Belrose,	  
2013	  





3.2 Lab Methods 
3.2.1 Core Processing 
The PVC pipe encasing the sediment was cut in half length-wise with a power 
saw and a blade was pushed through to split the sediment column into two halves (Figure 
3.4). The cores from Missisquoi Bay and Saint Albans Bay were named “MSB13” and 
“SAB13,” respectively. The length of each of the cores was measured in centimeters (0 
cm at the bottom of the core) and marked along either side of the pipe, then sections of 
the core were photographed with a digital camera. MSB13 was measured to be 329 cm in 
length and SAB13 was 303 cm in length. One half of each sediment core was sectioned at 
a 1 cm resolution (Figure 3.5), and the other half was wrapped in plastic and saved as an 
archive. Any macrofossils that were found while scooping sediment into the bottles were 
saved for later identification. Sediment from each 1 cm interval was placed in pre-
weighed, labeled 20 mL plastic vials and freeze dried. Dried sediment samples were 









Figure 3.4: Photo shows the PVC pipe cut lengthwise. A blade was pushed through the cut 
opening to split the core in half. One half was wrapped carefully and was stored as an archive 





Figure 3.5: Core processing photo shows the use of blades to separate cm levels while sampling 





The “1MSB” and “SAB1” sediment cores mentioned in this study are those from 
Koff’s (2011) and Palmer’s (2012) studies, respectively, which were collected in the 
winter of 2010. When referring to cm levels within cores, the core name will always 
come first, followed by the upper cm mark of the sediment interval (ex: SAB1_80 = 
Palmer’s Saint Albans Bay core, cm level 80–81). The cm marks denote the depth from 
the top of the sediment core, which does not necessarily correspond to the sediment-water 
interface because the top of the sediment column is often lost during piston coring. 
3.2.2 Water Content 
All sample vials were pre-weighed before being filled with sediment. The bottled 
sediment samples were weighed wet, freeze-dried, then re-weighed. The water content 
was then calculated using the formula:  
 
WC = 1 – ( dry sample weight / wet sample weight ) * 100 
 
where WC represents the % water content of the sample. 
3.2.3 Elemental Analysis 
Samples were analyzed for percent organic carbon (%Corg) and percent total 
nitrogen (%TN) on a CE Instruments NA2500 elemental analyzer. The %Corg and %TN 
values were used to calculate C:N. The elemental analyzer was calibrated using known 
standards OAS B-2152 (1.65 ± 0.02 %C and 0.14 ± 0.01 %N) and OAS B-2150 (6.72 
±0.17 %C and 0.50 ±0.01 %N). The precision of the analyzer is approximately within 1% 




About 45 – 60 mg of sediment was placed in a tin capsule, then combusted and 
evaluated in the elemental analyzer. In the SAB13 core, sediment was analyzed at a 
resolution of 4 cm from SAB13_002 to SAB13_303 and 2 cm from SAB13_178 to 
SAB13_262. The MSB13 core was preliminarily analyzed at a resolution of 10 cm from 
MSB13_039 to MSB13_326 cm and 5 cm intervals from MSB13_189 to MSB13_250 
cm. Subsequently, the entire MSB13 core was analyzed at a resolution of 4 cm. Due to 
the different resolutions for each section of the core between the preliminary and the final 
analyses, any overlapping %C, %N, and C:N values from the same cm level were 
averaged. 
It was observed that the original %C values produced from the MSB13 core 
below the MSB13_209 cm mark were influenced by carbonates within the Champlain 
Sea clay (see Figure 4.10 & 4.11 in Results 4.1.3). In order to eliminate the small fraction 
of carbonate in the bottom of the MSB13 core and get more accurate results, samples at 
every 4 cm within MSB13_192–326 were acidified with 3 mL 1% HCl. After allowing 
the acid to evaporate overnight, the dry sediment was prepared and re-analyzed. 
During periods with low %C values (low OM concentrations) there were 
unusually large values of C:N. This is an effect of ammonia fixation on clay sediments 
(Müller, 1977; Nimmick & Vahtras, 1982). Clays are negatively charged and have been 
known to attract positive ions, including positively charged ammonium. This molecule is 
a source of inorganic N, which skews the %TN readings and results in unusually large 





3.2.4 Stable Carbon Isotopes 
To determine stable carbon isotope ratios (13C/12C) of the organic portion of the 
sediment, 6 mm OD quartz tubes were filled with 50–100mg of powdered sediment, 600 
mg of CuO, and 500 mg of copper. The tubes were sealed on a vacuum line, then placed 
in a furnace at 900ºC for 2 hours, leaving residual N2, CO2, and water vapor. The CO2 
was separated from the N2 and water vapor on a vacuum line using liquid nitrogen and 
methanol/liquid nitrogen cold traps (Boutton, 1991). The purified CO2 was finally 
analyzed on VG SIRA II Stable Isotope Ratio Mass Spectrometer and results are reported 
in units per mil (‰) and are expressed as: 
 
where δ13C is the isotopic composition of the sample in ‰, and V-PDB is the Vienna Pee 
Dee Belemnite lab standard (Hut, 1987). The precision of the instrument is ±0.05‰ 
based on the USGS-22 and internal-lab standard “Maple Syrup” (-24.85 ±0.05‰). 
 
3.3 Age Depth Models 
3.3.1 Radiocarbon Dating 
Three samples (peat and wood) from SAB13 were sent to BetaAnalytic for 
analysis. The two wood samples were found in the blue clay below the peat layer (See 
Section 4.2.1) at cm levels SAB13_276 and SAB13_251. A 2 g sample of peat 
(SAB13_198) was collected from the section of the peat interval with the highest %C 
value (See Section 4.2.3, Figure 4.22).  




These two fractions were isolated from each other, and the fibrous peat was acid-washed 
to ensure that no humic acid or carbonate material was present. The wood was also 
chemically treated to remove contaminants. An accelerator mass spectrometer (AMS) 
was used to measure the amount of radiocarbon the samples. The AMS uses a cesium gun 
to ionize the atoms in the sample. As a result, carbon becomes negatively charged and 
other ions are positively charged. The positively charged ions are not able to reach the 
detector, but the negatively charged carbon is able to move to the detector and through a 
set of devices that are able to analyze the mass. The results of this test yield the 
fractionation of 12C, 13C, and 14C. Calibration methods are important because the reported 
units are in radiocarbon yBP and must be translated to cal yBP. Beta Analytics uses the 
calibration database INTCAL13 and uses dendrochronological tree-ring data as a 
calibration curve.    
Table 3.2: The dates included in this study were obtained from the SAB13 record (in red) and 
the SAB1 record (in blue). In the blue column, the numbers (ex. 287-288) are the cm levels for 
the SAB13 core that were correlated from the original cm levels (shown in parentheses, ex. 
(SAB1_042) ) of Palmer’s SAB1 core (Palmer, 2012).   
SAB13	   SAB13	  (correl.	  JoSAB)	   Sample	   C-­‐14	  Age	   Error	   δ13C yBP	  mean	   ±  
	  	   287-­‐288	  (SAB1_042)	   plant/wood	   980	   30	   -­‐27.8	   835	   39	  
	  	   203-­‐204	  (SAB1_162)	   plant/wood	   6660	   35	   -­‐21.5	   7530	   58	  
	  	   115-­‐116	  (SAB1_258)	   plant/wood	   7850	   35	   -­‐20	   8638	   89	  
103-­‐104	   	  	   peat	   8090	   40	   -­‐19.5	   9040	   50	  
051-­‐052	   	  	   wood	   8580	   40	   -­‐25.1	   9540	   20	  
027-­‐028	   	  	   wood	   8650	   40	   -­‐29.7	   9615	   75	  
 
The final report from Beta Analytic (Table 3.2) included the measured 
radiocarbon age, the 13C/12C ratio, and the calibrated radiocarbon age (in yBP) for each of 




3.3.2 Sediment Chronology 
 Correlation of the SAB13 and MSB13 %C records with those obtained in 
previous studies (Burgess, 2007; Koff, 2011; Palmer, 2012) provided an estimate of the 
amount of sediment missing from the top of my paleo-records, and allowed me to use 
existing radiocarbon dates in addition to those generated for this study. 
An age-depth model was constructed and sedimentation rates were calculated for 
both SAB13 and MSB13. A linear interpolation between dated points was used to assign 
ages to the un-dated cm levels in-between using: 
Average sedimentation rate = Difference in depth / Difference in age 
 
3.4 Diatoms 
 The peat layer (See Section 4.2.1; SAB13_236-178 cm) was chosen to be 
investigated for diatom assemblages. Twenty samples were selected at a resolution of 4 
cm. Two smear slides (A & B) were made for each cm level. Smear slides were made 
following the steps demonstrated by Amy Myrbo in the tutorial video provided on the 
LacCore TMI website (https://tmi.laccore.umn.edu). A very small amount of sediment 
(enough to fit on the end of a toothpick) was wet with a drop of water and smeared onto a 
glass slide. The smeared sediment was allowed to dry and Norland Optical Adhesive was 
used to set a cover slip over the slide (Figure 3.6). The slides were dried using a 







Figure 3.6: Smear slides are constructed using a small amount of sediment set with Norland 
Optical adhesive mounted with a cover slip. The adhesive is set with a black light. If too much 
sediment is used, the sample is too dense to identify individual specimen (top left). 
 
 Each smear slide was examined under the microscope starting in the lower right-
hand corner, working upwards to the top of the slide, to the left, and down, until the 
entire slide was viewed and all diatoms were counted. Diatoms were tallied only if a 
broken piece was more than 50% of the whole diatom or if the diatom was not fully 
dissolved so that the raphe and/or other features were clear enough for the diatom to be 
classified. A total of ~6,000 individual diatoms were counted in all, with up to ~1,800 
maximum in one slide. 
 
3.5 Statistical Analysis 
Koff (2011) used statistical analyses including cluster analyses and one-way 
analysis of variance (ANOVA) for his study of Missisquoi Bay sediments. The same two 
statistical techniques were used to examine the SAB13 and MSB13 data from the present 
study and SAB1 (Palmer, 2012). This was done to test reproducibility of the paleo-




correlation of 2013 cores to 2010 cores (Koff, 2011; Palmer, 2012). JMP11 was used for 
statistical analyses of the 2013 cores and Palmer’s (2012) data.  
Hierarchical Cluster Analysis takes the proxy measurements (%C, %N, C:N, WC; 
and BSi, MS, and GS where available) and groups them into clusters based on the 
proximity (a distance measure in n-dimensional space) of all points to each other. Data 
from all seven proxy measurements are used for the statistical analysis of 1MSB (Koff, 
2011) and SAB1 (Palmer, 2012), whereas only %C, %N, C:N, and WC were used for 
MSB13 and SAB13. Ideally, it is expected that this technique would group points of 
adjacent depth into clusters. However, in hierarchical cluster analysis, determining the 
number of clusters formed is subjective. The number of clusters that the data is divided 
into is based on how many groups the program identifies as statistically distinct from all 
of the other groups. 
Ultimately, the cores were broken up into periods, or segments, guided by the 
cluster analysis. Although the cluster analysis was useful, some of the sections in the core 
were split up awkwardly due to the unusually high levels of %C (See Results 4.2.6) and 
that the cluster analysis does not take depth into account, which means non-adjacent cm 
levels are clustered together. ANOVA and Student’s t-test were used to compare the 
means of each proxy within the segments, two at a time (segment 1 vs. segment 2, 
segment 1 vs. segment 3…). This comparison of two means is used as evidence that the 
segments are statistically distinct from one another. An alpha level of 0.01 was chosen for 
the pairwise t-tests. 




his study, data reduction and preparation had to be done on Palmer's (2012) SAB1 data 
and the SAB13 and MSB13 data. Data reduction and preparation included making sure 
that the data across all three cores were measured and had the same resolution before 
being statistically analyzed. Proxies that were not originally measured at a resolution of 5 
cm for SAB13, MSB13, and SAB1 were interpolated using an average of the values both 
above and below the 5th interval cm mark. All proxy analyses on the Palmer SAB core 






CHAPTER 4: RESULTS 
4.1 Missisquoi Bay 
4.1.1 Sediment Description 
Core MSB13 measured a total of 329 cm in length (Figure 4.1). The bottom 4 cm 
(MSB13_329–325) of the core were disturbed during collection and were not analyzed. 
The lower section of the core (MSB13_325–212) consists of a dense blue clay with 
“laminations” or rhythmic couplets of ~1 cm thickness (Figure 4.2). Numerous bivalve 
shells were found within this lower section (Figure 4.3). Also within the same interval, 
there were some quartz sand grains dispersed within the clay.  
The lithology changes abruptly from laminated to non-laminated clay/silt at cm 
level 212 (Figure 4.4). Sub-angular shale pebbles are present right above this transition, 
between MSB13_210 and MSB13_209 (Figs. 4.5 & 4.6). The pebbles are 0.1–1.5 
centimeters in length and are most likely fragments of Iberville Shale. Above 
MSB13_209, the abundance of dispersed sand grains diminishes. The overlying section 
(MSB13_209–179 cm) consists of clay/silt with dark streaks of organic material. From 







Figure 4.1: Missisquoi Bay sediment column sketch. The entire core measures 329 cm in 
length. MSB13 contains a 2 cm thick silty-clay layer containing shale pebbles (MSB13_210-
208) in between a laminated blue clay unit (MSB13_325-212) and the olive-green silty clay 
unit (MSB13_208-000). Although the olive-green silty clay unit was devoid of macrofossils, 












Figure	  4.3:	  The	   left	   image	  shows	  side	  "A"	  and	  the	  right	   image	  shows	  side	  "B"	  of	  bivalves	   found	  in	  blue	  





                     
 
Figure 4.4: Andrea Lini points out the visual transition between the blue clay unit (below) and 
the olive-green silty clay unit (above; MSB13_225-201). The lower blue clay unit shows a 
doppled, laminated texture while the upper olive-green silty clay is very smooth. The core was 
originally processed from the bottom to the top, so the labeled cm markers in the actual photo 




Figure 4.5: Shale pebbles and fragments found in interval MSB13_209-208. Pebbles range 1-2 







Figure 4.6: Shale pebbles and fragments found in interval MSB_210-209. Pebbles range .4-1 cm 
in length. 
               
 
Figure 4.7: Core processing image showing a section (MSB13_190-179) of the olive-green silty 
clay unit from the top section (MSB13_209-000) of MSB13. The section shown has a few darker 
gray to black organic streaks within the silty clay. 
 
4.1.2 Sediment Chronology  
 Comparison of the %C records from MSB13 with that of MSB2006 (Burgess, 




4.8). The comparison of %C records also shows that the top ~33 cm of the sediment 
record is not included in MSB13.  
The three radiocarbon dates from Koff’s (2011) 1MSB core were transferred to 
MSB13 as described in the methods section. The dates were then used to calculate 
sedimentation rates for each section of core between dates for MSB13. The average 
sedimentation rate for MSB13 was calculated to be .02 cm/yr, which is lower than Koff’s 




Figure 4.8: Data showing the %C records of MSB2006 (Burgess, 2007; blue), MSB1 (Koff, 2011; 
orange), and MSB13 (green). The data shows excellent reproducibility for Missisquoi Bay and 
that MSB13 has successfully extended the known paleo-record. This also gives a good visual as to 








Figure 4.9: The age-depth model for MSB13 is shown in blue. Note that 0 cm is not the sediment-
water interface because the top ~33 cm was not captured in this core. The location of the pebble 
layer is marked on the age-depth line. This graph also shows that the estimated age for the 
bottom of the core (according to Koff’s (2011) radiocarbon dates shown as orange data points) is 
~15,000 yBP, which infers a date of ~10,000 yBP for the pebble layer. The Hiatella arctica shells 
indicate a more realistic age of ~11,000 – 12,000 yBP for the bottom of the core, which infers a 
more accurate date of ~9,400 yBP for the pebble layer. This correction for the age-depth curve is 
shown by the black dotted line. 
Using the age model (Figure 4.9), the age of the pebble layer is estimated to be 
~10,000 yBP and the bottom of MSB13 is estimated to be ~15,000 yBP. However, due to 
the lack of age control in the extended portion of the Missisquoi Bay record, these values 
probably have high percent error. The age of the bottom of the core cannot possibly be 
~15,000 yBP in age because there was ice covering this area at that time (Chapman, 
1937; Alley & Ágústsdóttir, 2005; Cronin et al., 2008, 2012). The lack of age control in 
the extended portion of the MSB record likely projects a higher error with increasing 
depth.  
4.1.3 Elemental Analysis (%C and %N) and Water Content 




4.10). The bottom section of the core (MSB13_329–204) displays %C values that hover 
just below ~0.5. The values then rapidly increase until reaching a maximum of ~2% in 
MSB13_172–164. This is followed by a sharp decrease to under 1% C by cm 150. 
Moving upwards, values continue to slowly increase until reaching a sharp peak at 
MSB13_109 (1.7%). The values then fluctuate between 1 – 1.4% until MSB13_021, after 
which they quickly rise to nearly 2% by the top of the core. The bottom part of the core 
(MSB13_329-210) that was included in the acidification and re-run proved to have 
elevated levels of %C due to carbonate content. Although the original EA reading 
showed values around 0.7%, the re-run produced values around 0.4% (Figure 4.11). 
C:N ratios for the bottom section are stable, lingering around 7 – 8 (MSB13_325-
215) (Figure 4.9). C:N values vary throughout the upper section of the core, typically 
remaining between ~8 – 11 from MSB13_209-000, except for a sharp peak at MSB13_90 
(~12.8) (Figure 4.9). Water content is stable throughout the core, between 30 – 40%. 
However, above MSB13_040, WC percent values increase to over 40%. 
 
 
Figure 4.10: The %C, C:N, and WC results versus depth for MSB13. Note that 0 cm is not the 






Figure 4.11: In the %C graph, the green line shows the final re-analysis results of MSB13. The 
blue line shows the results of the initial %C analysis of the non-acidified sediment in the lower 
section of the core.  %C values become lower after re-analysis because carbonate content is 
eliminated during acidification and is no longer skewing the data. C:N values for the lower 
section of the core are also decreased after acidification and re-analysis (initial results 
represented by purple line). 
4.1.4 Statistical Analysis 
The results of the MSB13 cluster analysis matched those obtained for 1MSB by 
Koff (2011) well. The dendrogram of MSB13 shows clusters depicting Koff's period 2, 3, 
and 4 (Figure 4.12). Koff’s Period 1 was not found in MSB13 because the top of the 
stratigraphic record was not captured during the coring process. These three periods 
appear shorter in MSB13 than they were depicted in Koff's (2011) 1MSB core. Due to its 
extended length, an additional period (Period 5) was identified in core MSB13. Period 5 
is characterized by very low %C and %N values. In sum, even though the statistical 
analysis of MSB13 only included four of the seven proxies used in Koff’s (2011) study, 
the two records correlate well, although not all periods are present in each core. 




Figure 4.13) shows a discrepancy near the MSB13_260 peak (>2% C). The cluster 
analysis matches similar values across each of the four proxies without taking depth into 
account. This means that similar values are grouped together even though they can't 
possibly represent the same time period because they are widely spaced at depth. For 
example, according to cluster analysis, cm interval MSB13_50 is statistically similar to 
cm interval MSB13_150 (Figure 4.13). These two sections are not adjacent and therefore 
they represent two different periods of time, but were grouped into the same cluster 
because they are statistically similar. This created an issue because the points along either 
side of the %C peak were clustered together even though they were not temporally 
contiguous to each other. This is apparent because the peak itself across each proxy is not 
counted as its own cluster, as was expected (Figure 4.13). In order to account for this and 
to divide the MSB13 record into clusters representing contiguous points throughout time, 
each original cluster was labeled as segments 2, 3, 4, and 5 in a new column (Figure 
4.14). These new, adjusted "clusters" were tested using ANOVA, which proved that their 







Figure 4.12: Hierarchical cluster analysis of MSB13 illustrated by a dendrogram. The colors in 
the dendrogram are identified by the legend (right) with each color representing a specific order 
of magnitude for each of the proxies shown. The dendrogram shows the clustering of the four 
proxies used (%N, %C, C:N, and WC), and each cluster is assigned a color and symbol. Shown 
at the bottom is a graph representing how many clusters best represent the data. These four 
clusters are the most statistically distinct clusters that the data may be divided into. 






Figure 4.13: Results of the initial cluster analysis plotted with each of the four proxies versus 
depth.  This kind of analysis matches points of similar values without taking depth into account, 
therefore, points that have similar values are grouped into the same clusters even though they 





Figure 4.14: Results of the MSB13 hierarchical analysis plotted with each of the four proxies 
versus depth, but using the assigned segments.  The clusters from the initial analysis were 
redefined using segment assignments. The assigned segments were then tested using ANOVA to 
make sure they were statistically distinct (Table 1, below). The first assigned segment is “2” due 
to the loss of the sediment-water interface (~33 cm). The periods are shown by color and are 
appropriately labeled. 
 
Table 4.1: ANOVA test results show that the compared periods (in the left-hand column) from 
MSB13 are statistically distinct from each other.  
Period	   %C	   %N	   C:N	   WC	  
2	  -­‐-­‐	  5	   <.0001	   <.0001	   <.0001	   <.0001	  
4	  -­‐-­‐	  5	   <.0001	   <.0001	   <.0001	   <.0001	  
3	  -­‐-­‐	  5	   <.0001	   <.0001	   <.0001	   <.0001	  
2	  -­‐-­‐	  3	   0.0068	   0.0004	   0.3579	   0.041	  
2	  -­‐-­‐	  4	   0.0337	   0.0014	   0.1819	   0.1524	  





4.2 Saint Albans Bay 
4.2.1 Sediment Description 
The SAB13 core measures a total of 303 cm in length (Figure 4.15). The bottom 
section (SAB13_303–236) consists of thick blue clay (Figure 4.16). SAB13_236 marks 
the beginning of a transition between the blue clay and a peat interval that spans from 
SAB13_236 to SAB13_178 (Figure 4.17). The sediment gradually changes from peat to 
olive-green clay/silt between cm levels 214 and 190. The remainder of the core consists 
of an olive-grey colored clay/silt (Figure 4.18). Wood fragments were found in various 
locations within this core (Figure 4.15). 
Up-core, the peat becomes gradually denser as less clay is present. The peat is the 
densest at the point in the core where the max %C values are shown (See Section 4.2.3). 
Within this peat layer, small fragments of leaves, twigs, pieces of wood, tiny bug parts, 
and two different species of seeds were found (Figure 4.19; See section 5.4.3). The peat 
is most dense with the least amount of clay present at SAB13_200. From this point up-
core, the amount of organic material decreases and clay becomes more dominant, 







Figure 4.15: A simplified sketch showing the Saint Albans Bay sediment column. The SAB13 
core measures 303 cm in length. At the bottom lies a blue clay unit (SAB13_303–236) where two 
pieces of wood were found to be radiocarbon dated (marked with pink stars at SAB13_251 and 
SAB13_276). Above the blue clay is a “transitional” peat layer (SAB_236 –178). The pink star at 
SAB13_199 represents the peat sample that was radiocarbon dated. Above the peat there is a 








Figure 4.16: Core processing image of the lower blue clay unit from SAB13.  This image shows 
SAB13_303-271, with 303 cm being the bottom-most level of the core near the red cap and 271 




Figure 4.17: Core processing image of the transitional peat layer from SAB13.  This image shows 
SAB13_208-181. The gradational contact between the peat and the overlying olive-green silty 






Figure 4.18: Core processing image of the upper olive-green silty clay unit from SAB13.  The 




Figure 4.19: The seven seeds found in SAB_224. One seed on the left is tan and round while the 
six other seeds are darker brown and triangular in shape. The brown triangular seeds are from a 
species of Carex (sedge) and the round tan seed is from a type of pondweed called Potamogeton 





4.2.2 Sediment Chronology 
The radiocarbon dates from SAB13 and SAB1 (Palmer, 2012) were used to 
produce an age model (Figure 4.20) and calculate sedimentation rates for the SAB13 
core. An age of ~9,700 yBP was estimated for the bottom of SAB13.  
 
 
Figure 4.20: Age-depth model using radiocarbon dates (diamond markers) from both Palmer’s 
(2012) study (red dots) and the present SAB13 (green dots). The location of the peat layer is also 
shown. 
 
For some of the sections of SAB13 and SAB1 (Palmer, 2012) that overlap, the 
calculated average sedimentation rates can be compared. Between SAB13_120-016 the 
sedimentation rate is 0.01 cm/yr related to SAB1’s 0.02 cm/yr, and between SAB13_120-
187 the sedimentation rate is 0.06 cm/yr while SAB1’s is 0.09 cm/yr. Even though the 




core may have altered the sediment thicknesses in different sections of the core, resulting 
in slightly different sedimentation rates for the overlapping section of the Saint Albans 
Bay record. The sedimentation rate for the entire length of SAB13 was averaged to be ~.1 
cm/yr, which is higher than the average sedimentation rate (.056 cm/yr) calculated from 
Palmer’s (2012) study. The average for the SAB13 core is higher because the 
sedimentation rates for the lower sections (not overlapping SAB1) were 0.02 cm/yr 
(SAB13_187-200), 0.1 cm/yr (SAB13_200-252), and .3 cm/yr (SAB13_252-303). 
 
 
Figure 4.21: Data showing the %C records of SAB2006 (Burgess, 2007; blue), 1SAB (Palmer, 
2012; orange), and SAB13 (green). The data shows excellent reproducibility for Saint Albans 
Bay and that SAB13 has successfully extended the existing paleo-record. This also gives a good 





Comparison of the SAB13 %C record with these from SAB2006 (Burgess, 2007) 
and SAB1 (Palmer, 2012), suggests that SAB13 is missing the top ~35 cm (Figure 4.21) 
of the sediment column. The radiocarbon ages from Palmer (2012) were matched to the 
SAB13 core by correlating the %C values at the correspondent cm levels. For example, 
the SAB13_016 best corresponded to the SAB1_042 with %C values of ~2.3 and ~2.4, 
respectively. The date of 835 yBP from SAB1_042 was then associated with 
SAB13_016. Other dates from SAB1 were transferred to SAB13, including macrofossil 
ages from SAB1_162 (correlated to SAB13_120) and SAB1_258 (correlated to 
SAB13_187) in order to utilize all three ages obtained from Palmer’s (2012) study. 
4.2.3 Elemental Analysis (%C and %N) and Water Content  
The %C values for SAB13 are generally low with the exception of a large peak 
that reaches a maximum of ~25 at ~200 cm (Figure 4.22). The values linger around 0.3 – 
3.5% between SAB13_302 and SAB13_245, with a small peak at SAB13_253 (4.2%). 
Values then increase, reaching the maximum value of 25% at SAB13_200. After these 
peak values, %C decreases to 3.5% at SAB13_179. The values then level out, decreasing 
only slightly until they increase again to form a very broad peak that reaches a maximum 
of 4.4% at SAB13_088 The values then dip slightly and form another broad peak with a 
maximum at SAB13_068 (4.1%). The record continues up-core with values shifting 
between 1.7 – 3.1%.  
The C:N values show more of a variation in values below SAB13_187, ranging 







Figure 4.22: The %C, C:N, and WC results versus depth for SAB13. Note that 0 cm is not the 
sediment-water interface, since the top ~35 cm was not captured in this core. 
 
In general, trends in % water content follow those displayed by the %C record 
very well (Figure 4.22). Water content tends to be higher in OM rich sections and very 
low in clays. 
4.2.4 Stable Carbon Isotopes  
Carbon isotope (δ13C) values fluctuate widely between -24‰ and -31‰ 
throughout the peat layer (Figure 4.23; SAB13_236-178 cm). Towards the bottom of the 
core (SAB13_280 – SAB13_228) values are lower, closer to about -30‰, with the 
exception of two peaks reaching higher values of -25‰ and -28‰. These higher values 
occur close to where pieces of wood were found in the core, which explains why the 
values become higher. Higher values of δ13C (>20) are associated with land-derived 
material, while lower values (<10) signify aquatic material such as algae, and rooted 




2001). The δ13C values then steadily increase up-core from SAB13_228, reaching -24‰ 
at SAB13_204. There is a very sharp peak at SAB13_200, which reaches a value of -




                                          Figure 4.23: δ13C versus depth for SAB13. 
 
4.2.5 Diatoms 
A complete list of all genera found in the peat and the preferred environments 
(based on acidity, trophic status, and salinity) of each can be found in Table 2. The 
diatom assemblages in the smear slides mostly consist of diatoms preferring alkaline 
waters (Figure 4.24; Table 2). Between SAB13_241–209 cm there is the highest diversity 




highest abundance (~1,800 individuals) of diatoms was found in SAB13_201, around the 
same cm level with the highest %Corg content (SAB13_200) (Figure 4.24).  No strictly 
marine-dwelling diatoms were found within the peat layer. However, some genera of 






Figure 4.24: Left: %C record for the extent of the peat layer. Middle: total diatom abundance. 
Right: relative frequency of each genus versus depth with a list of genera. More detail about 





Some diatoms identified in the peat layer represent specific environmental 
conditions for the wetland. For example, Meridion, Stauroneis, Cymbella, Epithemia, 
Aneumastus, Staurosira, Cymatopleura, and Encyonema are exclusively freshwater 
genera (Round et al., 1990; Spaulding & Edlund, 2008; Spaulding et al., 2009; Spaulding, 
2009). Many species of Eunotia were identified, and although the genus is not known to 
solely live in freshwater habitats, their presence is a sign of an oligotrophic environment 
and alkaline waters (Round et al, 1990; Furey, 2010). Chamaepinnularia is a genus found 
in the peat as well, and characteristically lives in moist mosses and lichens (Spaulding & 





Table 4.2: The preferred environmental conditions (see table for references) including salinity, 
trophic status, and acidity preference for each identified genus of diatom found in the peat layer.  
Genus Environmental Preference  Reference 
Aneumastus Epipelic, freshwater, alkaline 
Round et al, 1990 
Spaulding et al, 2009 
Chamaepinnularia 
Grows in splash zones of streams, 
moist mosses and lichens 
Spaulding & Edlund, 2009 
Craticula Freshwater to brackish, epipelic 
Round et al, 1990 
Spaulding & Edlund, 2008 
Cymatopleura Freshwater, alkaline, epipelic Spaulding & Edlund, 2008 
Cymbella 
Epiphytic, epipelic, or epilithic; 
freshwater 
Round et al, 1990 
Encyonema Freshwater, epilithic Round et al, 1990 
Epithemia 
Exclusively freshwater, high 




Freshwater, Oligotrophic waters, 
acidic, dystrophic 
Round et al, 1990 
Furey, 2010 
Gomphonema 
Very common in freshwater 
haptobenthic communities, splash 
zones, neutral pH 
Round et al, 1990 
Spaulding & Edlund, 2009 
Meridion 
Exclusively freshwater genus found 
attached to stones and plants and in 
our experience always in flowing 
water 
Round et al, 1990 
 
Navicula 
Freshwater or marine epipelic, 
extremely common 
Round et al, 1990 
Nitzschia 
Freshwater to marine, epipelic or 
planktonic, high organic pollution 
Round et al, 1990 
Spaulding & Edlund, 2008 
Pinnularia major 
Rarely marine water, mostly 
freshwater, epipelic, slightly acidic 
Round et al, 1990 
Spaulding & Edlund, 2009 
Rhopalodia 
Freshwater to marine, epipelic and 
epiphytic, Limiting N conditions 
Round et al, 1990 
Spaulding & Metzeltin, 
2011 
Spongilla spicule Freshwater sponge  
Stauroneis 
Freshwater or marine, mostly found 
in wetlands 
Round et al, 1990 
Bahls, 2012 
Staurosira 
construens Freshwater  
Round et al, 1990 
Staurosira 
construens var. 






The freshwater genera Epithemia, Staurosira, Gomphonema, and Cymbella do not 
appear until SAB13_240, and grow in numbers until about SAB13_224, totaling ~360 
diatoms in all. Out of the ~360 diatoms for that individual cm level, ~73% are made up of 
freshwater diatoms. After SAB13_224, numbers start to decrease, and at SAB13_216 the 
percent of exclusively freshwater diatoms is only ~58% out of 190 total specimens 
counted. The total number of diatoms increases to ~1,100 by SAB13_204 in which 
freshwater communities make up ~75% of the total. Communities of diatoms preferring a 
range of fresh to brackish waters also follow this growing and shrinking trend displayed 
by the freshwater diatoms (Figure 4.24; Table 4.3).  
The highest diversity of diatoms is observed in the lower transitional phase 
leading up to SAB13_200. Prior to cm level SAB13_200, the percent of exclusively 
freshwater diatoms fluctuates back and forth between 58 – 100%, reaching 100% when 
there is a very low quantity of total diatoms for that cm level. At SAB13_200, diversity 
decreases to mostly just freshwater genera, but frequency of these exclusively freshwater 
genera increase drastically compared to other genera. Starting at SAB13_200 until 
SAB13_180, the % of freshwater diatoms increases steadily from 75 – 97%. The section 
of core from SAB13_200-180 is coupled with rapidly decreasing values in %C. 
4.2.6 Statistical Analysis – SAB1 and SAB13 
The statistical analysis of Palmer's (2012) core data was complicated because the 
data from her study had to be reduced before being analyzed (See Methods Section 3.5). 
After reducing the data, the result of the cluster analysis yielded five (1, 2, 3a, 3b, and 4) 




though they are at opposite ends of the core and represent different times in history. This 
problem was solved using the same assigned segment exercise that was used in the 
MSB13 core, followed by an ANOVA test.  
 
 
Figure 4.25: Hierarchical cluster analysis of the Palmer (2012) data vs. depth in cm. The results 
show that the analysis breaks up the data similarly to Palmer’s (2012) findings based on 
comparison of regional climate literature. 
 
The initial cluster analysis for the SAB13 data set did not match Palmer's (2012) 
SAB1 results. The SAB13 cluster analysis failed because of the large ~25% C peak dated 
at 9,000 yBP (SAB13_200). This large peak affected other proxy values as well, which 
made the more recent fluctuations (<9,000 yBP) look less statistically different. This 
produced results that contradict the cluster analysis for Palmer’s (2012) core. It is 
interesting to note that the initial SAB13 cluster analysis essentially divided the core into 
the three sections corresponding to the Champlain Sea, Transitional Phase, and Lake 







Figure 4.26: Hierarchical cluster analysis of the entire SAB13 data set without any segments 
assigned (see text for details). Three periods are identified that correspond closely to the 
boundaries of the Champlain Sea unit, Transitional Phase (peat layer), and Lake Champlain 
unit. 
 
In order to determine if the SAB13 record was truly comparable to SAB1 
(Palmer, 2012), I reduced my dataset in half by excluding all data after the point in my 
core that corresponded to the very bottom of SAB1 (SAB13_000–186). The cluster 
analysis that was re-done on the SAB13_000–186 section of SAB13 yielded the same 4 
clusters (clusters 2, 3a, 3b, and 4; Figure 4.27) shown in Palmer's (2012) core. Therefore, 
even though SAB1 had seven variables and SAB13 only had four, the final results of the 
cluster analysis were very similar. The only exception was that Period 1 is not shown in 
the SAB13 core because the sediment-water interface was not captured, as was the case 




identified a 6th and 7th cluster (called Periods 5a and 5b) below the large %C peak. 
To illustrate the record for Saint Albans Bay using the SAB13 and SAB1 data 
(Palmer, 2012), segments 2 – 5 were assigned for the whole length of SAB13. The first 4 
segments were assigned to SAB13 using SAB1 (Palmer, 2012) as a reference. The 
resulting data were plotted vs. depth (Figure 4.28) then checked using ANOVA (Table 
4.3). This entire procedure is outlined in Section 3.5. The ANOVA results indicate that 
the assigned segments are statistically distinct for Periods 2 – 5b in SAB13. 
 
 
Figure 4.27: Hierarchical cluster analysis shown between SAB13_186-000. The bottom of the 
Palmer (2012) data set correlates to SAB13_186, so the rest of the SAB13 record that was not 
captured in SAB1 (Palmer, 2012) was excluded in this analysis. The results show that the 
sediment column that was captured in both SAB1 and SAB13 yield the same results in 





Figure 4.28: Entire SAB13 hierarchical analysis results plotted with each of the four proxies 
versus depth using the assigned segments.  The clusters from the initial analysis were redefined 
using segment assignments and were then tested using ANOVA to make sure they were 
statistically distinct (Table 4.3, below). Note that the first assigned segment is “2” because the 




















Table 4.3: ANOVA test results for the entire SAB13 core show that the assigned periods are 
statistically distinct from one another.  
Period %C %N C:N WC 
4	  -­‐-­‐	  5b <.0001 <.00012 <.00013 <.00014 
4	  -­‐-­‐	  5a <.0001 <.0001 0.234 <.0001 
3a	  -­‐-­‐	  5b 0.0122* 0.0270* <.0001 <.0001 
3b	  -­‐-­‐	  5b 0.0549 0.0798 <.0001 <.0001 
4	  -­‐-­‐	  2 <.0001 <.0001 0.9749 <.0001 
2	  -­‐-­‐	  5b 0.149 0.2547 <.0001 <.0001 
3a	  -­‐-­‐	  5a 0.194 0.1521 0.0317 <.0001 
4	  -­‐-­‐	  3b <.0001 <.0001 <.0001 <.0001 
3b	  -­‐-­‐	  5a 0.5596 0.3729 <.0001 <.0001 
4	  -­‐-­‐	  3a <.0001 <.0001 0.2809 <.0001 
2	  -­‐-­‐	  5a 0.8954 0.7837 0.199 <.0001 
5a	  -­‐-­‐	  5b 0.2276 0.4212 <.0001 <.0001 
3a	  -­‐-­‐	  2 0.1853 0.1876 0.2662 <.0001 
3b	  -­‐-­‐	  2 0.6079 0.4869 <.0001 <.0001 






CHAPTER 5: DISCUSSION 
5.1 Introduction 
This chapter interprets the results of the present study and compares them with 
regional climate studies and research focused on the geological history of Lake 
Champlain. To start, the Missisquoi Bay and Saint Albans Bay records have been 
successfully extended to include the Champlain Sea/Lake Champlain (CS/LC) Transition 
and will be discussed. Next, the statistical analysis used to correlate cores from the 
present study to cores in previous studies (Burgess, 2007; Koff, 2011; Palmer, 2012) will 
be examined. Environmental fluctuations throughout the Holocene will then be reviewed, 
followed by a discussion of how the CS/LC Transition is recorded in both bays. Lastly, 
implications about past lake level fluctuations, regional climate, a comparison to results 
from similar studies, and a brief overview of future work will be addressed. 
 
5.2 Extending the Paleo-Record 
5.2.1 Missisquoi Bay 
 The %C record comparison of core MSB13 to those from other studies proves 
that this study has extended the known paleo-record obtained previously from Missisquoi 
Bay (Burgess, 2007; Koff, 2011). Comparing the %C data from MSB2006 (Burgess, 
2007) and 1MSB (Koff, 2011) with those from MSB13 shows that the record has been 
lengthened. This can be clearly observed by superimposing the %C records of the three 
cores (Figure 4.8). No organic material suitable for radiocarbon dating was found in 




to the MSB13 core via correlation of the %C records. The bottom of Koff’s (2011) 1MSB 
record was dated to ~8,000 yBP. By using the radiocarbon dates from Koff’s study, the 
age of the bottom of MSB13 has been estimated to be ~15,000 yBP. Based on the 
geological history of the area, a date of ~15,000 yBP for the bottom of the core is 
unrealistic because the Laurentide Ice Sheet covered the region during that time 
(Chapman, 1937; Alley & Ágústsdóttir, 2005; Cronin et al., 2008, 2012).  
The Hiatella arctica shells (Figures 4.1 & 4.3) found at the bottom of MSB13 
indicate that the core captured the late Champlain Sea period, ~11,000 – 12,000 yBP 
(Brand & McCarthy, 2005; Ross, 2006). Therefore, the shells infer a date between 
~11,000 – 12,000 yBP for the bottom of MSB13, or perhaps even later if the broken shell 
pieces and fragments are a result of reworked sediment. These dates were obtained from 
dating H. arctica in other Champlain Sea studies based in locations slightly farther north 
and west of the present study location (Rodrigues, 1992; Brand & McCarthy, 2005; Ross, 
2006). There is some argument about the exact age that these shells signify due to the 
marine reservoir effect and calibration issues for the Champlain Sea (Rodrigues, 1992; 
Brand & McCarthy, 2005). However, the date inferred serves as a more accurate estimate 
for the bottom of this core because H. arctica shells are the only macrofossils that were 
discovered in MSB13. This estimated age for the bottom of MSB13 pre-dates the 
transition from CS/LC, implying that the transition has been captured within MSB13 in 
the form of the shale pebble layer. The appearance of this transition as it was recorded in 
MSB13 will be discussed later in this chapter.  The presence of the transition provides the 




Koff (2011) used hierarchical cluster analysis to investigate his proxy data and 
identified four statistically distinct periods (Periods 1, 2, 3, and 4) within his 1MSB core. 
Koff’s Periods 2, 3, and 4 were also recognized in MSB13, and in addition, a 5th period 
was identified (See Results Section 4.1.4). Koff’s (2011) record did not encompass any 
part of this 5th period (Table 5.1).  
Comparison of %C records between the present study and previous ones, the 
estimated date for the bottom of MSB13, and statistical analysis results showing the 
presence of a new 5th period are all important lines of evidence that prove the MSB 
record has been successfully extended well into the Champlain Sea unit. This gives the 
unique opportunity to investigate the Champlain Sea and transitional section of the record 
so that bay response can be documented and a complete chronology of the evolution of 
MSB can be constructed since the end of the Champlain Sea. 
 
Table 5.1: The sediment cores captured the same time periods, but not all the time periods were 
encompassed in every core. The 2013 cores extended the record but were missing the top sections 
of the sediment columns. Statistical analysis on the Burgess (2007) data was never implemented. 
Cores from this present study are highlighted in purple. 
Core Name Period 1 Period 2 Period 3a & b Period 4 Period 5a & b 
SAB13  ✔ ✔ ✔ ✔ 
SAB1 ✔ ✔ ✔ ✔  
MSB13  ✔ ✔ ✔ ✔ 
1MSB ✔ ✔ ✔ ✔  
 
5.2.2 Saint Albans Bay 
Superposition of the %C records from SAB2006 (Burgess, 2007), SAB1 (Palmer, 
2012), and SAB13 indicates that the known paleo-record for the bay has been extended 




record extends past the bottom of Palmer’s SAB1 core (~8,600 yBP), clearly showing 
that the SAB13 core has lengthened the record for SAB. 
The three radiocarbon dates from Palmer’s (2012) study were used to calculate an 
approximate age of ~8,600 yBP for the bottom of her core. Her three radiocarbon dates 
and the three new dates from the extended portion of the SAB13 record helped to 
construct the age-depth model (Figure 4.20) that estimated a date of ~9,700 yBP for the 
bottom of SAB13. Because the date calculated for the bottom of SAB13 is older than the 
age of the CS/LC Transition reported in previous studies (Chapman 1937; Fillon & Hunt, 
1974; Rayburn, 2005, Cronin, 2008), it is expected that this transition to be represented 
within SAB13 as the peat layer. The appearance of this transitional peat layer will be 
described later in this chapter. The capture of this transition in SAB presents the 
opportunity to study how SAB evolved since the end of the Champlain Sea period and 
how it has responded to the subsequent transition into LC. The transition as it is recorded 
in SAB13 is an especially extraordinary finding because it is the first documented 
wetland existing during the CS/LC Transition. 
Palmer (2012) was able to identify time intervals in her core by visually 
comparing her proxy records to that of Koff (2011) and also comparing her data against 
other regional paleoclimatology literature. By doing so, she identified four intervals 
within her core SAB1. My statistical analysis of Palmer’s dataset supports her findings 
and confirms that her intervals match reasonably well to Periods 1, 2, 3 (further 
subdivided into 3a and 3b), and 4; the same periods found in Koff’s (2011) 1MSB record. 




end of Period 4 was captured. Not only does core SAB13 include Periods 2, 3 (a & b), 
and 4 reported in Palmer’s (2012) study, but it also extends past Period 4 to uncover a 
Period 5 (a & b) (Table 5.1).  
The extension of the SAB record offers an opportunity to study how SAB has 
evolved since the end of the Champlain Sea and how it has responded to the CS/LC 
Transition well into the formation of modern-day Lake Champlain. If the peat interval 
within SAB13 represents the transition from Champlain Sea to Lake Champlain, then 
everything below that transition is part of the Champlain Sea unit and everything above it 
is the Lake Champlain unit. According to this chronology, the Champlain Sea unit ends 
~9,400 cal yBP, the Transition is between ~9,400 – 8,600 cal yBP, and Lake Champlain 




5.3.1 Missisquoi Bay 
Koff (2011) used hierarchical cluster analysis to detect different periods within 
the 1MSB record and Palmer (2012) compared the proxy records from SAB1 to those 
from 1MSB (Koff, 2011) in order to correlate Koff’s four periods to the different sections 
of SAB1. Periods 1 in 1MSB and SAB1 represent roughly the same time period and 
climate (See Results 4.1.4 & 4.2.6; Table 5.2). The dates constrained for the start and end 
dates of each Period from each core are not expected to be exact or match perfectly due 




Models 3.3), and also the current lack of dates from the Missisquoi Bay record. The 
Missisquoi Bay record is expected to have a greater error on its estimated dates because 
there are fewer radiocarbon ages for that record (Burgess, 2007; Koff, 2011). 
Statistical analysis shows that Periods 2, 3, 4, & 5 are present in MSB13 (Figure 
5.1). Period 5 represents Champlain Sea sediments. The bottom of Period 4 is bounded 
by a transition from Champlain Sea to Lake Champlain. Periods 2 & 3 represent Lake 
Champlain sediments. 
 
Table 5.2: Estimated dates of Period boundaries within the four cores being compared in this 
study (MSB1 from Koff (2011); 1SAB from Palmer (2012)) are shown. Enough macrofossils were 
found in SAB13 and SAB1 to constrain similar dates for the beginning and ending of each 
Period. The lack of radiocarbon dates available from the Missisquoi Bay record may be the 
reason why Period boundaries between the two Missisquoi Bay cores do not match up as well as 
in Saint Albans Bay. As you go deeper into the Missisquoi Bay record, the error becomes larger. 
Period	   SAB13	   SAB1	   MSB13	   1MSB	  
1	   -­‐-­‐-­‐	   1900	  -­‐	  present	   -­‐-­‐-­‐	   1900	  -­‐	  1980	  
2	   4	  ka	  -­‐	  	  -­‐-­‐	   4.4	  -­‐	  .2	  ka	   1.3	  ka	  -­‐	  -­‐-­‐-­‐	   1.9	  ka	  -­‐	  1900	  
3a	   7.6	  -­‐	  4	  ka	   7.6	  -­‐	  4.4	  ka	  
7.8	  ka	  –	  1.3	  ka	   8	  -­‐	  1.9	  ka	  
3b	   8.6	  -­‐	  7.6	  ka	   8.6	  -­‐	  7.6	  ka	  
4	   9.4	  -­‐	  8.6	  ka	   -­‐-­‐-­‐	   10	  -­‐	  7.8	  ka	   9	  -­‐	  8	  ka	  
5a	   9.6	  -­‐	  9.4	  ka	   -­‐-­‐-­‐	   15	  -­‐	  10	  ka	   -­‐-­‐-­‐	  







Figure 5.1: Statistical analysis of the MSB13 record shows distinct Periods (2 – 5) for %C,  %N, 
C:N, and WC all versus age in yBP. The date for the bottom of the core is shown to be ~15,000 
yBP, however this is not accurate due to lack of ages. The Laurentide Ice Sheet covered this 
region during that time, so it is not possible for the age of the bottom of the core to be more than 
~12,000 yBP. 
 
5.3.2 Saint Albans Bay 
 The statistical evaluation of Palmer’s (2012) data set shows that the four periods 
she correlated by visual identification (using proxy records from her core and 1MSB 
(Koff, 2011)) are indeed statistically different from each other and match the four periods 
identified in Koff’s (2011) study. Statistical analysis shows Periods 2, 3 (a & b), 4, & 5 (a 
& b) in SAB13 (Figure 5.2). Period 5a & b represents the final stages of the Champlain 
Sea (9,700 – 9,400 yBP). According to the extended record, the entire Period 4 is 





much longer than previously thought (9,400 – 8,600 yBP), and represents the gradual 
transition between Champlain Sea and Lake Champlain. Periods 3 (a & b) and 2 
represent initial development and eventual formation of modern-day Lake Champlain 
(8,600 yBP – present).  
 
 
Figure 5.2: Statistical analysis of the SAB13 record shows distinct Periods (2 – 5b) for %C,  %N, 
C:N, and WC all versus age in yBP. 
 
5.4 Environmental Fluctuations Throughout the Holocene - As Told By SAB13 and 
MSB13 
 Note that this section uses the dates from SAB13 and SAB1 (Palmer, 2012) for 
the start and end dates for each Period. As mentioned earlier, the Saint Albans Bay record 
likely has a better time constraint because there are more radiocarbon dates obtained.  




5.4.1 Period 5b: 9,700 – 9,600 yBP 
 Period 5 (a & b) in SAB13 is comparable to Period 5 in MSB13. In SAB13, proxy 
values show two distinct groups whose means are statistically distinct; therefore this 
period was split into two sub-periods. Period 5b shows very low %C and C:N values 
whereas in Period 5a, those values start increasing, eventually leading up to the dramatic 
increase in %C values observed in Period 4 (discussed in section 5.4.2).  
Period 5b spans from ~9,700 – 9,600 yBP. This section is comprised of the lowest 
%C, C:N, and WC values from throughout the entire paleo-record. These low-end values 
in %C may represent a cooler, drier climate indicating very little OM deposition within 
the bay. 
In MSB13, Period 5 spans from ~12,000 – 10,000 yBP, however these dates may 
have a higher amount of error because of the lack of radiocarbon dates close to the 
bottom of the core. Within Period 5, there are low values throughout the record in regards 
to %C, C:N, and WC. The values shown in Period 5 are the lowest throughout the entire 
Missisquoi Bay composite record. These %C and WC values suggest low OM deposition 
during this time. The C:N values are low (~7 – 8), but not as low as is expected when 
taking into consideration the low %C values (>.06%). C:N values may be skewed as a 
result of inorganic nitrogen sources trapped by the clay in the sediment (see section 
3.2.3), which means the possibly skewed values can not lead to any conclusions about the 
source of OM.  
The unusual rhythmic couplets visible throughout the length of MSB’s Period 5 




couplet represents one year, this pattern indicates a sedimentation rate of ~1 cm/yr for the 
end of the CS unit. This value can be compared to Cronin’s (2008) calculated Champlain 
Sea sedimentation rate obtained from Folger Trough from cores taken at the southern end 
of Lake Champlain. This provides even more evidence that this unit represents 
Champlain Sea sediments.  
 The low OM content observed in SAB Period 5b and MSB Period 5 could be due 
to lower productivity within the bays as a result of the colder and drier climate that 
followed after the retreat of the Laurentide Ice Sheet from the region. The land in this 
region was mostly barren after the recession of the Laurentide Ice Sheet. This post-glacial 
period was characterized by rather dry climate resulting from high summer solar 
insolation and the dry masses of air being blown off of what remained of the glacier 
(Bryson, 1966; Dieffenbacher-Krall & Nurse, 2005). During this span of time leading up 
to the end of the Champlain Sea, water level was likely decreasing in both bays due to 
isostatic rebound and ensuing displacement of water volume within the basin (Chapman, 
1937).  
5.4.2 Period 5a: 9,600 – 9,400 yBP 
In SAB13’s Period 5a, most values (%C, C:N, WC) start to increase. C:N values, 
however, increase drastically. This significant increase is likely due to the presence of the 
wood fragments (used for radiocarbon dating) and may be what sets Periods 5a & 5b 
apart from each other since other proxy values only show minor changes.  
Directly after the Champlain Sea drainage the water level was low. However, 




bay, which may be why so much of it is present before the onset of the wetland. This may 
be the beginning of a climatic change from cooler post-glacial period to warmer Early 
Holocene temperatures (Jackson & Whitehead, 1991; Spear et al., 1994; Dwyer et al., 
1996; Dieffenbacher-Krall & Nurse, 2005). A warming climate coupled with low lake 
levels and increased nutrient availability may have led to increased plant life (increase in 
OM and C:N) within the bay. %C, and C:N values gently climb throughout Period 5a 
until values drastically increase, signaling the end of Period 5 altogether at 9,400 yBP.  
5.4.3 Period 4: 9,400 – 8,600 yBP 
We now know that the ~8% maximum in %C observed at the bottom of 1SAB 
was only a small portion of Period 4. SAB13 completely encompasses Period 4, spanning 
from ~9,400 – 8,600 yBP. The elevated values in %C, C:N, and WC within this peat 
layer are what distinguishes this Period from the rest of the record. The levels of organic 
matter in this section are up to five times higher than those found in the most recent 
sediments.  
  The peat layer found in SAB13 suggests a low water level and a highly 
productive period between ~9,400 – 8,600 yBP. Other studies have obtained evidence 
supporting lower water levels in the Northeast during this time as a result of a warmer, 
drier climate (Chapman, 1937; Jackson & Whitehead, 1991; Astley, 1998; 
Dieffenbacher-Krall & Nurse, 2005). Lower lake level in Saint Albans Bay may have 
increased availability of light through the water, encouraging macrophyte growth in the 
bay. Some of the diatom genera identified are known to prefer to dwell on moist rocks 




Chamaepinnularia) (Round et al., 1990; Spaulding & Edlund, 2009). The seeds found in 
the peat layer were determined to be from the genus Carex and Potamogeton (Catherine 
Yansa, Michigan State University, personal communication). Carex is a type of wetland 
grass or sedge that grows in water up to 50 cm deep (Ball & Reznicek, 2002). 
Potamogeton is an aquatic plant more commonly referred to as “pondweed” that prefers 
growing in low nutrient conditions and nearly stagnant water (Efloras). The diatoms, 
seeds, and peat layer all point to the existence of a wetland within Saint Albans Bay 
between 9,400 – 8,600 yBP. 
At around 9,400 yBP, the wetland slowly began to grow, and continued to expand 
until ~9,000 yBP when it reached its peak at the coring location as shown by the 
maximum values in the %C record. After this time, organic matter content starts to 
decrease signaling the decline of the wetland, likely due to an increase in lake level 
combined with a cooler climate associated with the onset of the 8,200 yBP cold event 
(e.g. Alley, 1997; Shuman et al., 2002 & 2009). During this time, water level rise was 
due to the continual source of runoff (glacial melt and precipitation). With this 
subsequent water level rise, the wetland likely migrated from the coring location towards 
land. At the coring location, the water was gradually freshened and deepened until the 
wetland was drowned (~8,600 yBP), resulting in the deposition of the Lake Champlain 
unit on top of the peat layer. 
MSB13’s Period 4 (~10,000 – 7,800 yBP) mimics SAB13’s Period 4, but not at 
the same scale. MSB13 shows a sharp increase in the %C record right above the shale 




low in MSB as well at the same point in time. In conclusion, the shale pebbles may 
represent the lowest water level ~9,400 yBP and therefore, close proximity to the 
shoreline. When water level increased, it created a calm, shallow water environment 
suitable for algae and some aquatic plants. This water level change and subsequent plant 
growth would explain the increase in OM (~2%) and the fluctuations in C:N around this 
time. The increase in OM fits in with the warmer, drier climate that occurred during this 
Period. Koff (2011) deduced that the following sudden drop in OM (~8,000 yBP) was 
due to a drastic change in climate. The 8,200 yBP cooling event (e.g. Alley, 1997; 
Shuman et al., 2009) coupled with a continual rise in water level would have made the 
deeper parts of MSB less suitable for rooted plant life, explaining an abrupt decrease in 
OM. This pattern is also seen in other bodies of water throughout the Northeast during 
this time (Newby, 2000; Shuman et al., 2002) 
5.4.4 Period 3b: 8,600 – 7,600 yBP 
Note that Period 3 in SAB has been broken up into Period 3a and Period 3b, much 
like Period 5a & b as explained earlier, and for similar reasons.  
The sharp declines in the MSB and SAB %C records ~8,000 yBP (Koff, 2011; 
Palmer, 2012) were attributed to the 8,200 yBP cooling event (Alley et al., 1997; Shuman 
et al., 2009). The cooler climate around this time reduced lake productivity throughout 
water bodies located in the Northeast. Increased precipitation and higher lake levels are 
also associated with this cooling event (Shuman et al., 2002). The cause of a deepening of 
lake level is likely due to isostatic uplift ~8,000 yBP occurring at Lake Champlain’s 




This story fits with the results from the SAB record. SAB shows low levels of %C 
and C:N directly after the 8,200 yBP cooling event. Reduced %C values represent a low 
fraction of OM deposition in the bay, and low C:N values characterize a lack of terrestrial 
OM and macrophytes. As previously stated, a cooler climate and an increased lake level 
would have further limited rooted aquatic plant growth within SAB because cool 
temperatures and deep water hinder the growth of aquatic plants. Although in MSB there 
is evidence of an increased inorganic fraction of sediment (see below), it is unlikely that 
increased inorganic input “drowned” the peat layer signal in SAB. Hereafter, the %C 
record for SAB suggests a rebound in productivity (Period 3a), but that pattern was not 
observed in MSB. 
 The MSB record does not show such a rebound in Period 3. When compared to 
the entire record, %C values are low throughout Period 3 and seem to remain stable until 
about 1,900 yBP (Koff, 2011). The body of water occupying present-day Missisquoi Bay 
was most likely oligotrophic during this period (Levine et al., 2012). Low levels of %C 
signify less organic material and relatively more inorganic sediment being deposited into 
the bay. Low C:N values during this time also show that what OM was deposited in the 
bay was not from land-derived materials. Because any evidence of an increase in OM 
production after the 8,200 yBP cooling event is absent, it’s possible that the bay was 
slowly rebuilding a nutrient source via stream input throughout this time (Koff, 2011). A 
change in stream input patterns could also explain increased input of inorganic terrestrial 
sediment during this time relative to OM deposition (Koff, 2011). Even though the 




of OM production in MSB. It’s possible that increasing water level during this time 
further restricted macrophyte growth, as was also seen in SAB. 
5.4.5 Period 3a: 7,600 – 4,000 yBP 
The SAB %C record shows a rebound in productivity that was sustained ~7,600 – 
4,000 yBP. This section of Period 3 was labeled “Period 3b.” According to both SAB13 
and SAB1, this time of increased lake productivity roughly corresponds to a time period 
known as the Hypsithermal (Webb et al., 1993; Ganopolski et al., 1998; Ruddiman, 2001; 
McFadden et al., 2005). In addition to SAB, other bodies of water within the Northeast 
have exhibited a recovery after the end of the 8,200 yBP cooling event (Shuman et al., 
2009; Dieffenbacher-Krall & Nurse, 2005). This increase in OM is coupled with C:N 
values ~10, indicating aquatic plant growth was starting to establish itself once again. It is 
worthy to note that this increase in growth is nowhere close to the magnitude of growth 
characterized in Period 4. Instead of a wetland, the environment that dominated the bay 
during this time was a deeper body of water, probably mesotrophic (Palmer, 2012). The 
Hypsithermal was a period when climatic conditions were warmer and wetter, thus 
possibly explaining the increase in aquatic OM and productivity during this time in SAB 
(Webb et al., 1993; Ganopolski et al., 1998; Ruddiman, 2001; McFadden et al., 2005).  
5.4.6 Period 2: ~2,000 yBP – 1900 AD  
 Period 2 is distinguished by elevated values in all categories except for C:N, 
which decreases during this time. Human population in the region at this time was mostly 
limited to Native Americans. Native Americans were not populous enough to be able to 




values at this time were more likely an effect of changing climate.  
For both MSB and SAB, OM levels start to climb steadily throughout Period 2. 
According to Koff (2011), the trigger for the increase in productivity is not entirely clear 
since the increase in proxy values begins before onset of the Medieval Warm Period. Due 
to the Medieval Warm Period (Keigwin, 1996), wetter conditions likely caused an 
increase in lake level in MSB, SAB, and other lakes in the region (e.g. Newby et al., 
2000; Shuman et al., 2001; Dieffenbacher-Krall & Nurse, 2005).  
In the MSB and SAB records, there seems to be a small decrease in proxy values 
between ~450 – 250 yBP, possibly related to the occurrence of the Little Ice Age 
(Wanner et al., 1998). The Little Ice Age inflicted climate that was cooler than average 
compared to present day climate. These colder temperatures would have inhibited 
primary productivity in the bays reducing growth of algae and macrophytes. This 
decrease in OM production is reflected in the lower values seen in %C, C:N, and WC 
during that time. 
5.4.7 Period 1: ~1900 AD to present 
Data for Period 1 are reported in Burgess (2007), Koff (2011), and Palmer (2012). 
MSB13 and SAB13 did not encompass Period 1. This Period is statistically distinct from 
all other periods in MSB and SAB due to the increased values of %C and decrease in C:N 
values. These changes in proxy values denote the onset of the eutrophic environment that 
presently plagues Missisquoi Bay and St. Albans Bay (Levine et al., 2012). Period 1 is 
influenced by agricultural practices that occurred before and during this time, resulting in 




relatively warm, thus reducing water level within the bays. These shallow environments 
promote algae and rooted aquatic plant growth, which further encourages eutrophic 
conditions. 
 
5.5 Comparison of MSB and SAB Histories 
5.5.1 The Champlain Sea/Lake Champlain Transition found in MSB 
The CS/LC Transition is recorded differently in both bays. In MSB13, the shale 
pebble layer marks the CS/LC Transition. This layer marks the abrupt change in lithology 
from blue clay with rhythmic couplets to smooth olive-green silty clay. There is no 
evidence in MSB13 of a gradual change in the environment representing the CS/LC 
Transition.  
According to the age-depth curve that estimates the bottom of MSB13 to be 
~15,000 yBP (Figure 4.9), the pebble layer would have formed ~10,000 yBP. Due to the 
lack of age control on the MSB record, this date is inaccurate. The pebble layer is likely 
younger than the estimated ~10,000 yBP. The event that occurred in this region and 
caused the formation of the pebble layer in MSB probably also produced the peat layer in 
SAB, which means they occurred at roughly the same time (~9,400 yBP; See section 
5.5.2). Using the H. arctica shells as a guide, the revised projected age of the bottom of 
MSB13 is ~11,000 – 12,000 yBP (see Figure 4.9; Section 5.2.1). If a new line is drawn 
on the MSB13 age-depth curve to depict the bottom of the core dating back to ~11,000 – 
12,000 yBP in age, then the more accurate estimated age for the pebble layer is ~9,400 




 The pebble layer could have formed in several ways. One hypothesis is that the 
pebbles are dropstones, or ice-rafted debris. Although this is possible, it is not likely. This 
pebble layer is 2 cm thick and consists of sub-angular shale pieces interbedded within 
silty clay and interspersed quartz-sand grains. It is also very unlikely that a floe of ice 
would drop ice-rafted debris when there was no ice present in the area. The Laurentide 
Ice Sheet had already retreated thousands of years beforehand. Also, if the dropstones 
were rafted by seasonal ice floes, there would probably be pebbles in more than one 
location throughout the core. 
 The pebbles could also be explained as representing a storm bed. A high-energy 
event could have been enough to transport larger sediments and deposit them at the 
coring location. However, storm deposits are seen as a mix of all sizes of sediments and 
OM debris (Das et al., 2013). This layer appeared as pebbles in clay with some 
interspersed sand grains, which is not entirely characteristic of a storm deposit.  
Another alternative explanation for these shale pebbles is that they represent an 
erosional unconformity. Erosional surfaces are not uncommon in late Champlain Sea 
deposits (Cronin et al., 2012). Uplift of the crust in this region due to isostatic rebound 
would have caused lake level to decrease (Chapman, 1937; Astley, 1998; Athan, 2010). 
Lowering lake level leading up to ~9,400 yBP would mean that the shoreline of 
Missisquoi Bay would be moving closer to the coring location, thus explaining the larger 
sediments (shale pebbles and sand grains) that were deposited at this time. As water level 
was decreasing (before ~9,400 yBP) sand was being deposited, which explains the 




by ancient rivers and wave action has also been observed in other parts of the lake 
(Chapman, 1937; Beardwood, 1983; Athan, 2010). It is possible that a lower water level 
~9,400 yBP in MSB exposed previously deposited sediments to erosional forces. The 
erosion of Champlain Sea sediment at this location may also explain why the two units 
and transitions do not look exactly the same in MSB compared to SAB. Shale pebbles 
may have been transported a short distance via runoff or possibly a stream emptying into 
MSB. With no wetland acting as a barrier to catch coarse sediment, it is possible that 
large material such as the shale pebbles were deposited close to shore, which means the 
coring location was within proximity to the shoreline around this time. As lake level 
rebounded over time (after ~9,400 yBP), the shoreline would have migrated inland to 
form a shallow-water environment within Missisquoi Bay. A shallow water environment 
would be suitable for algae growth, possibly explaining the sharp increase in %C right 
above the location of the shale pebble layer. As the water level continued to rise, the body 
of water would become too deep at the coring location to sustain abundant aquatic plant 
growth, and the shore of the bay would drift landward. Eventually, the lake level would 
stabilize to form our present-day Lake Champlain shoreline. 
5.5.2 The Champlain Sea/Lake Champlain Transition found in SAB 
At first, it was suggested that this entire peat layer might represent a landslide of 
terrestrial material into the bay. If this were the case, then dating the organic material 
from the peat layer likely would not have yielded consecutive ages. Also, both the upper 
and lower boundaries of the peat layer are gradational (See Results Section 4.2.1 & 




and an indistinct gradual contact at the top (Schlolaut et al., 2014), as material would be 
suddenly deposited and loose unconsolidated material would eventually settle out 
afterwards. The existence of the wetland in SAB is further supported by the discovery 
and identification of several wetland plant seeds found within the peat layer (Section 
5.4.3).  
The SAB13 CS/LC Transition looks very different, but tells a similar story as 
MSB13 in regards to lake level change. At ~9,400 yBP, the first evidence of peat 
appears, marking the lowstand in SAB. The highest %C values within the peat layer date 
back to ~9,000 yBP and mark the onset of a more uniform freshwater environment. The 
blue clay at the bottom of SAB13 was deposited towards the end of the Champlain Sea 
phase. As the water became increasingly more fresh and shallow, the body of water 
occupying Saint Albans Bay became a suitable environment for rooted aquatic plants. 
Over time, as water level slowly increased, the wetland was able to grow and become 
better established within Saint Albans Bay, as shown by the rapidly increasing values in 
the %C record. Seismic reflection data of Saint Albans Bay (Patricia Manley, Middlebury 
College, personal communication) show a strongly reflective surface ~3.2 m under the 
lake bottom that was thought to be a layer of sand, but which may actually represent the 
extent of this peat layer throughout the bay (Figure 5.3). The depths to the reflector and 
the depth to the peat layer in the core match. Because of the unknown degree of sediment 
compaction during the coring process combined with the fact that SAB13 is missing the 
top ~35 cm of the sediment column (see Section 4.2.2; Figure 4.21), the projected depth 




Section 5.5.4). As the water level continued to increase, the wetland was eventually 
submerged and drowned, as reflected by the rapidly declining %C values and the 




Figure 5.3: Seismic image reflection of Saint Albans Bay with the location of SAB13 (Courtesy of 
Patricia Manley, Middlebury College). The horizontal red line marks the bottom of the bay and 
the vertical red line is the location of SAB13 using longitudinal coordinates. The depth to the 
strong reflective layer is 3.2 m. Because the top of the sediment column (~35 cm) was lost in 
SAB13 and there is an unknown degree of compaction from the coring process, it is possible that 
this reflector represents the extent of the peat layer throughout the bay. 
  
  The end of the Champlain Sea and successive onset of Lake Champlain were 
thought to have occurred ~10,000 years ago (Chapman, 1937; Fillon & Hunt, 1974; 
Schlegel, 1994; Rayburn et al., 2007; Cronin et al., 2008). According to the findings in 
SAB13, the youngest Champlain Sea sediments for the Northeast Arm of Lake 
Champlain can be dated to ~9,400 yBP. The CS/LC Transition encompasses an interval 
of time between ~9,400 – 8,600 yBP and the oldest date of the Lake Champlain unit is 
only ~8,600 yBP. This implies that the CS/LC Transition is itself defined as a 
sedimentary unit and the timing of this Transition occurred later than originally 
estimated.  
5.5.4 Lake Level Reconstruction Since ~9,400 yBP 
The wetland in SAB13 marks the proximity to the shoreline for Saint Albans Bay 




deposited near shore then it represents proximity to the shoreline at the time it was 
deposited. The depth to the peat/pebble layer added to the current water depth at each 
coring site would therefore provide an estimate of lake level change in each bay since the 
estimated time the peat/pebble layer was deposited.  
 There are two main issues that must be considered while estimating change in 
lake level in the study area. The depth from the top of the core to the peat layer or pebble 
layer is not an accurate figure for constraining lake level change. This value is only the 
‘apparent depth.’ Both SAB13 and MSB13 cores are missing the top section of the 
sediment column. During the coring field method, the coring device had to be pressed 
down into the muddy lake bottom before hammering could begin, thus surpassing the top 
section of the sediment record. This problem was addressed by matching the %C records 
from SAB13 and MSB13 with %C records from SAB1 (Palmer, 2012) and 1MSB (Koff, 
2011), which make it possible to see how much of the sediment record is missing and 
how deep into the lake bottom the 2013 core records begin. Adding the thicknesses of the 
missing top sections to the ‘apparent depth’ allows us to calculate the minimum ‘true 
depth’ to the peat layer in the SAB record and the pebble layer from the MSB record. 
This yielded a minimum value lake level rise of ~8 m for SAB (Figure 5.4) and ~7 m for 






Figure 5.4: The  “actual depth” of the peat layer is the missing top section of the core (.35m) 
added to the depth to the peat layer (.35 m + 2.51 m) and the present-day water depth (~5 m). 




Figure 5.5: The “actual depth” of the pebble layer is the missing top section of the core (.33m) 
added to the depth to the pebble layer (2.12 m) and the present-day water depth (4.7 m). The 





 Another potential error that must be corrected for in order to calculate the ‘actual 
depth’ is the compaction of sediment from the coring process. The constant hammering 
during coring may have compacted the sediment captured within the PVC pipe. To best 
correct for this, the %C records for SAB13, SAB1, MSB13, and 1MSB were plotted in 
Excel and compared. The %C records had a similar shape/curve, but in order to match 
them perfectly, the SAB13 and MSB13 %C records had to be stretched. This stretching 
of the present %C records to match past %C records can be seen in Figures 4.8 & 4.21 
where the %C curves are superimposed over each other. The location of the peat/pebble 
layers was marked on the %C curve before the 2013 records were stretched to match 
SAB1 and 1MSB. After the records were matched as accurately as possible, the 
maximum ‘true depth’ to the peat/pebble layer was determined. The estimated maximum 
lake level rise is close to ~8.5 m for SAB (Figure 5.6) and ~8 m for MSB (Figure 5.7) 








Figure 5.6: The missing top section of the core (.35 m) added to the stretched depth to the bottom 
of the peat layer (.35 m + 3.25 m) and the present-day water depth (5 m). The result is the 
maximum change in water level (8.60 m) for Saint Albans Bay since ~9,400 yBP and accounts for 




Figure 5.7: The missing top section of the core (.33 m) added to the stretched depth to the pebble 
layer (2.67 m) and the present-day water depth (4.7 m). The result is the maximum change in 
water level  (7.8 m) for Missisquoi Bay since ~9,400 yBP and accounts for possible compaction 





 Therefore, the difference in water level from present day to ~9,400 yBP is 
approximately between ~8 – 8.5 m for SAB (Figs. 5.4 – 5.7). For MSB, water level rise 
since ~9,400 yBP is ~7 – 8 m. This value for water level change within Lake Champlain 
can be compared with other studies (e.g. Astley, 1998; Athan, 2010).  
Astley (1998) mapped wetland migration to calculate lake level change over time. 
On the shores of Lake Champlain as water level increases or decreases, wetlands migrate 
in towards land or out towards the lake, respectively. One of her study locations, the 
Alburg Dune Wetlands, is within close proximity to SAB (~12 miles northwest of Saint 
Albans Bay (Figure 5.8)), which makes the study appropriate for comparison. She found 
that wetlands seemed to have migrated landward, meaning that lake level has been on the 
rise for the last ~10,000 years. This evidence for general lake level rise compliments the 
results found in this study. Astley (1998) was able to estimate a figure of ~8 – 5 m of lake 
level rise since ~10,000 – 9,000 yBP by mapping the landward migration of the Alburg 
Dunes Wetland over time. It’s apparent that Astley’s (1998) ages for her lake level 
change values are older than those estimated for this present study. This may be primarily 
due to the fact that the samples Astley (1998) obtained for radiocarbon dating were 
mostly peat samples. Peat samples are possible to radiocarbon date, but are notorious for 
producing inaccurate dates. During their lifetime, wetland plants may absorb old carbon 
from dead plants and therefore are not at equilibrium with the atmosphere. This skewed 
concentration of old carbon results in an older figure that does not represent the true age 




before conditions in SAB were suitable for a wetland. Although the water level change 
figures and ages do not exactly match, it is worthy to note that Astley’s (1998) results 
showed that lake level has been on the rise within at least the last ~10,000 yBP, which 
coincides with findings from this study. 
 
 
Figure 5.8: Google maps show the location of Saint Albans Bay, Missisquoi Bay, and the Alburg 
Dunes Wetlands. The Alburg Dunes was one of the study sites for Astley, 1998.  
 
Athan (2010) studied submerged terraces and erosional structures south of St. 
Albans Bay. These underwater features represent past water planes during the changing 
stages of the water levels and can be dated back as early as the Lake Vermont and the 
Champlain Sea. Athan (2010) re-evaluated Chapman’s (1937) data and was able to use 




The features that define the northern boundary of the Port Henry water plane are 
located at Town Farm Bay (Charlotte, VT) whereas southerly locations are found at Port 
Henry (Port Henry, NY). The submerged terraces representing the Port Henry water 
plane are found at depths ranging between ~20 – 30 m below present lake level. The 
UTM northing coordinates and elevations of the pebble layer in MSB13 and the peat 
layer in SAB13 match reasonably well with the Port Henry water plane (Chapman, 1937) 
redefined in Athan (2010). Saint Albans Bay and Missisquoi Bay are farther north 
geographically (~65 km and ~95 km, respectively) and their submerged features are even 
shallower (~7 – 8.5 m depth) than what was found at the Town Farm Bay study site 
(Figure 5.9 & 5.10). The fact that the submerged features are shallower at these locations 
is to be expected since the water planes are tilted (Chapman, 1937; Athan, 2010). The 
Port Henry water plane is also defined as the water plane that was formed right when the 
Richelieu Sill rebounded and cut off the marine source of water to the basin (Chapman, 
1937). This may be why we see a mix of brackish and fresh signals in the biological 





Figure 5.9: Graph adapted from Athan (2010) with coordinates from SAB13 (green triangle with 
blue outline) and MSB13 (red triangle with blue outline). 
 
 
Figure 5.10: Graph adapted from Athan (2010) with coordinates from SAB13 (green triangle 







The diatom assemblages identified within the SAB13 peat layer suggest a 
complicated brackish – freshwater environment during the extent of the wetland between 
9,500 – 8,600 yBP. A brief summary of the diatom genus classifications and their salinity 
preference can be found in Table 4.2. No saltwater diatoms were observed within the 
SAB peat layer, and very few that prefer waters with a range from brackish – fresh were 
found. This means the wetland in SAB may have been a result of decreasing and 
subsequent increasing water level representing the transition to freshwater after the 
Champlain Sea phase. Had the transition from saltwater – freshwater been recorded 
within the confines of the peat layer, the diatom assemblages may have clearly reflected a 
change in salinity from one extreme (only salt-dwelling) to the other (only fresh-
dwelling). The diatom content does not show an extreme change, but instead shows that 
salinity changed back and forth before becoming a solely freshwater environment. This 
“back and forth” in salinity change may be our window between Champlain Sea and 
Lake Champlain phases. Therefore, in Saint Albans Bay the Champlain Sea phase and 
the Lake Champlain phase are separated by a convulsive transitional phase represented 
by the peat layer. 
The extent of the peat deeper than SAB_200 (highest %C values in record) 
contains populations of diatoms preferring both exclusively freshwater and a range in 
salinity (brackish – fresh). Populations of both diatom communities change back and 
forth up the core until reaching SAB_200. At SAB13_200, although the diatom diversity 




compared to other genera. This may be due to the brackish water finally transitioning 
more so to fresh water, which would explain the increase of diatom populations 
preferring exclusively freshwater (See Table 4.2). From SAB13_200 until SAB13_180, 
the % of freshwater diatoms increases steadily from 75 – 97%. The sharply decreasing 
values of %C up-core (SAB13_200-180) and the gradation from peat to silty-clay (Figs. 
4.15 & 4.17) show that the wetland could not keep up with the increasing water level and 






CHAPTER 6: CONCLUSIONS 
 
1. The CS/LC Transition in the Northeast Arm of Lake Champlain occurred about 
1,000 years later than previously thought according to wood radiocarbon samples 
from SAB13. 
2. There is evidence of an erosional unconformity in Missisquoi Bay ~9,400 yBP 
illustrated by the presence of a pebble layer in between the Champlain Sea 
sediment and Lake Champlain sediment. 
3. The peat layer represents a wetland that existed in Saint Albans Bay between 
~8,600 – 9,400 yBP. 
4. If the peat and pebble layers signify proximity to shore ~9,400 yBP, then the lake 
level was about ~7 – 8.5 meters shallower at that time. This figure matches with 
that of results found in Astley (1997) and Athan (2010): 
a. The results from this study indicate a change of ~7 – 8 meters rise in lake 
level change since ~9,400 yBP. 
b. The coordinates and elevations of the core sites from both bays match well 
along the submerged Port Henry water plane (Chapman, 1937; Athan, 
2010).  
5. Diatom content within the Saint Albans Bay peat layer indicates that the water 
was originally brackish. Populations of saltwater dwelling diatoms are non-
existent, but the change from dominantly brackish to freshwater coupled by an 




CHAPTER 7: FUTURE WORK 
 This study has answered some very important questions that had remained from 
previous studies and was also able to shed some light on the histories of Mississquoi Bay 
and Saint Albans Bay.  
In terms of future work for Saint Albans Bay, it would be interesting to see how 
far the peat layer extended within the bay. This could be investigated by taking a series of 
cores along several transects perpendicular to the modern shoreline. Further investigating 
the peat layer for seeds, diatoms, and perhaps pollen and other biological content would 
help reconstruct the environment that dominated the bay during this time and shed light 
on the ecological shift from brackish to freshwater. Also, obtaining a longer SAB core to 
see when marine shells start appearing at depth would likely help correlate the SAB 
record with the MSB record.  
 More research needs to be done on Mississquoi Bay with efforts focused on 
constraining better ages for the history of the bay. It is difficult to rely on obtaining 
macrofossils to radiocarbon date, as those discoveries can be quite infrequent. However, 
obtaining a better age constraint for the MSB cores will make it possible to compare all 
records obtained from MSB to date. This will also help solidify ages on the periods that 
have been identified in the MSB record thus far, which can then be compared to those 
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APPENDIX  A: MSB13 DATA TABLE 
Sample	  
Depth	  









328-­‐329	   1	   45.72	   0.19	   1.93	   9.93	   	  	   534	   	  	   	  	   	  	  
327-­‐328	   2	   44.33	   	  	   	  	   	  	   	  	   599	   	  	   	  	   	  	  
326-­‐327	   3	   43.75	   	  	   	  	   	  	   	  	   665	   	  	   	  	   	  	  
325-­‐326	   4	   42.08	   	  	   	  	   	  	   	  	   730	   	  	   	  	   	  	  
324-­‐325	   5	   41.41	   0.16	   1.56	   9.59	   	  	   796	   	  	   	  	   	  	  
323-­‐324	   6	   40.84	   	  	   	  	   	  	   	  	   861	   	  	   	  	   	  	  
322-­‐323	   7	   40.73	   	  	   	  	   	  	   	  	   926	   	  	   	  	   	  	  
321-­‐322	   8	   41.40	   	  	   	  	   	  	   	  	   992	   	  	   	  	   	  	  
320-­‐321	   9	   40.73	   0.16	   1.60	   10.00	   	  	   1057	   	  	   	  	   	  	  
319-­‐320	   10	   40.48	   	  	   	  	   	  	   	  	   1123	   	  	   	  	   	  	  
318-­‐319	   11	   38.95	   	  	   	  	   	  	   	  	   1188	   	  	   	  	   	  	  
317-­‐318	   12	   38.59	   	  	   	  	   	  	   	  	   1254	   	  	   	  	   	  	  
316-­‐317	   13	   37.47	   0.13	   1.20	   9.46	   	  	   1319	   	  	   	  	   	  	  
315-­‐316	   14	   37.51	   	  	   	  	   	  	   	  	   1384	   	  	   	  	   	  	  
314-­‐315	   15	   36.74	   	  	   	  	   	  	   	  	   1450	   	  	   	  	   	  	  
313-­‐314	   16	   36.36	   	  	   	  	   	  	   	  	   1515	   	  	   	  	   	  	  
312-­‐313	   17	   36.19	   0.11	   1.15	   9.99	   	  	   1581	   	  	   	  	   	  	  
311-­‐312	   18	   36.05	   	  	   	  	   	  	   	  	   1646	   	  	   	  	   	  	  
310-­‐311	   19	   36.09	   	  	   	  	   	  	   	  	   1711	   	  	   	  	   	  	  
309-­‐310	   20	   36.40	   	  	   	  	   	  	   	  	   1777	   	  	   	  	   	  	  
308-­‐309	   21	   37.65	   0.11	   1.08	   10.06	   	  	   1842	   	  	   	  	   	  	  
307-­‐308	   22	   37.78	   	  	   	  	   	  	   	  	   1908	   	  	   	  	   	  	  
306-­‐307	   23	   37.77	   	  	   	  	   	  	   	  	   1973	   	  	   	  	   	  	  
305-­‐306	   24	   37.23	   	  	   	  	   	  	   	  	   2038	   	  	   	  	   	  	  
304-­‐305	   25	   36.64	   0.11	   1.16	   10.11	   	  	   2104	   	  	   	  	   	  	  
303-­‐304	   26	   36.18	   	  	   	  	   	  	   	  	   2169	   	  	   	  	   	  	  
302-­‐303	   27	   35.77	   	  	   	  	   	  	   	  	   2235	   	  	   	  	   	  	  
301-­‐302	   28	   35.84	   	  	   	  	   	  	   	  	   2300	   	  	   	  	   	  	  
300-­‐301	   29	   35.99	   0.10	   1.02	   9.98	   	  	   2366	   	  	   	  	   	  	  
299-­‐300	   30	   36.55	   	  	   	  	   	  	   	  	   2431	   	  	   	  	   	  	  
298-­‐299	   31	   36.06	   	  	   	  	   	  	   	  	   2496	   	  	   	  	   	  	  
297-­‐298	   32	   35.43	   	  	   	  	   	  	   	  	   2562	   	  	   	  	   	  	  
296-­‐297	   33	   37.20	   0.13	   1.38	   10.75	   	  	   2627	   	  	   	  	   	  	  
295-­‐296	   34	   36.50	   	  	   	  	   	  	   	  	   2693	   	  	   	  	   	  	  
294-­‐295	   35	   35.88	   	  	   	  	   	  	   	  	   2758	   	  	   	  	   	  	  















292-­‐293	   37	   32.90	   0.13	   1.35	   10.70	   	  	   2889	   	  	   	  	   	  	  
291-­‐292	   38	   32.59	   	  	   	  	   	  	   	  	   2954	   	  	   	  	   	  	  
290-­‐291	   40	   32.54	   	  	   	  	   	  	   	  	   3020	   	  	   	  	   	  	  
289-­‐290	   41	   32.49	   0.11	   1.13	   10.59	   	  	   3085	   	  	   	  	   	  	  
288-­‐289	   42	   31.96	   0.11	   1.12	   9.79	   	  	   3150	   	  	   	  	   	  	  
287-­‐288	   43	   31.92	   	  	   	  	   	  	   	  	   3216	   	  	   	  	   	  	  
286-­‐287	   44	   31.70	   	  	   	  	   	  	   	  	   3281	   	  	   	  	   	  	  
285-­‐286	   45	   32.05	   	  	   	  	   	  	   	  	   3347	   	  	   	  	   	  	  
284-­‐285	   46	   32.36	   0.12	   1.17	   10.10	   	  	   3412	   	  	   	  	   	  	  
283-­‐284	   47	   32.78	   	  	   	  	   	  	   	  	   3478	   	  	   	  	   	  	  
282-­‐283	   48	   32.52	   	  	   	  	   	  	   	  	   3543	   	  	   	  	   	  	  
281-­‐282	   49	   32.89	   	  	   	  	   	  	   	  	   3608	   	  	   	  	   	  	  
280-­‐281	   50	   33.08	   0.12	   1.26	   10.36	   	  	   3674	   	  	   	  	   	  	  
279-­‐280	   51	   32.93	   0.11	   1.20	   10.77	   	  	   3739	   	  	   	  	   	  	  
278-­‐279	   52	   32.33	   	  	   	  	   	  	   	  	   3805	   	  	   	  	   	  	  
277-­‐278	   53	   32.96	   	  	   	  	   	  	   	  	   3870	   	  	   	  	   	  	  
276-­‐277	   54	   33.33	   0.12	   1.21	   10.22	   	  	   3907	   	  	   	  	   	  	  
275-­‐276	   55	   33.36	   	  	   	  	   	  	   	  	   3943	   	  	   	  	   	  	  
274-­‐275	   56	   33.38	   	  	   	  	   	  	   	  	   3980	   	  	   	  	   	  	  
273-­‐274	   57	   33.04	   	  	   	  	   	  	   	  	   4017	   	  	   	  	   	  	  
272-­‐273	   58	   33.37	   0.12	   1.23	   10.09	   	  	   4053	   	  	   	  	   	  	  
271-­‐272	   59	   33.97	   	  	   	  	   	  	   	  	   4090	   	  	   	  	   	  	  
270-­‐271	   60	   33.26	   	  	   	  	   	  	   	  	   4127	   	  	   	  	   	  	  
269-­‐270	   61	   34.47	   0.12	   1.28	   10.76	   	  	   4163	   	  	   	  	   	  	  
268-­‐269	   62	   34.52	   0.13	   1.37	   10.94	   	  	   4200	   	  	   	  	   	  	  
267-­‐268	   63	   34.93	   	  	   	  	   	  	   	  	   4237	   	  	   	  	   	  	  
266-­‐267	   64	   34.99	   	  	   	  	   	  	   	  	   4273	   	  	   	  	   	  	  
265-­‐266	   65	   35.69	   	  	   	  	   	  	   	  	   4310	   	  	   	  	   	  	  
264-­‐265	   66	   35.49	   0.13	   1.37	   10.14	   	  	   4347	   	  	   	  	   	  	  
263-­‐264	   67	   34.95	   	  	   	  	   	  	   	  	   4383	   	  	   	  	   	  	  
262-­‐263	   68	   35.10	   	  	   	  	   	  	   	  	   4420	   	  	   	  	   	  	  
261-­‐262	   69	   34.70	   	  	   	  	   	  	   	  	   4457	   	  	   	  	   	  	  
260-­‐261	   70	   34.17	   0.13	   1.24	   9.22	   	  	   4493	   	  	   	  	   	  	  
259-­‐260	   71	   34.58	   0.11	   1.19	   10.39	   	  	   4530	   	  	   	  	   	  	  
258-­‐259	   72	   33.92	   	  	   	  	   	  	   	  	   4567	   	  	   	  	   	  	  
257-­‐258	   73	   34.67	   	  	   	  	   	  	   	  	   4603	   	  	   	  	   	  	  
256-­‐257	   74	   34.62	   0.12	   1.20	   10.00	   	  	   4640	   	  	   	  	   	  	  















254-­‐255	   75	   34.77	   	  	   	  	   	  	   	  	   4713	   	  	   	  	   	  	  
253-­‐254	   76	   35.51	   	  	   	  	   	  	   	  	   4750	   	  	   	  	   	  	  
252-­‐253	   77	   35.50	   0.13	   1.28	   9.78	   	  	   4787	   	  	   	  	   	  	  
251-­‐252	   78	   35.84	   	  	   	  	   	  	   	  	   4823	   	  	   	  	   	  	  
250-­‐251	   79	   36.17	   	  	   	  	   	  	   	  	   4860	   	  	   	  	   	  	  
249-­‐250	   80	   36.12	   0.13	   1.30	   10.18	   	  	   4897	   	  	   	  	   	  	  
248-­‐249	   81	   36.39	   0.13	   1.29	   9.67	   	  	   4933	   	  	   	  	   	  	  
247-­‐248	   82	   36.10	   	  	   	  	   	  	   	  	   4970	   	  	   	  	   	  	  
246-­‐247	   83	   35.92	   	  	   	  	   	  	   	  	   5007	   	  	   	  	   	  	  
245-­‐246	   84	   35.79	   	  	   	  	   	  	   	  	   5043	   	  	   	  	   	  	  
244-­‐245	   85	   35.91	   0.15	   1.26	   8.30	   	  	   5080	   	  	   	  	   	  	  
243-­‐244	   86	   35.76	   	  	   	  	   	  	   	  	   5117	   	  	   	  	   	  	  
242-­‐243	   87	   35.22	   	  	   	  	   	  	   	  	   5153	   	  	   	  	   	  	  
241-­‐242	   88	   35.45	   	  	   	  	   	  	   	  	   5190	   	  	   	  	   	  	  
240-­‐241	   89	   35.40	   0.10	   1.19	   11.31	   	  	   5231	   	  	   	  	   	  	  
239-­‐240	   90	   35.99	   0.09	   1.18	   12.86	   	  	   5271	   	  	   	  	   	  	  
238-­‐239	   91	   35.73	   	  	   	  	   	  	   	  	   5312	   	  	   	  	   	  	  
237-­‐238	   92	   35.30	   	  	   	  	   	  	   	  	   5353	   	  	   	  	   	  	  
236-­‐237	   93	   35.07	   0.12	   1.11	   9.60	   	  	   5393	   	  	   	  	   	  	  
235-­‐236	   94	   34.42	   	  	   	  	   	  	   	  	   5434	   	  	   	  	   	  	  
234-­‐235	   95	   33.90	   	  	   	  	   	  	   	  	   5475	   	  	   	  	   	  	  
233-­‐234	   96	   33.87	   	  	   	  	   	  	   	  	   5515	   	  	   	  	   	  	  
232-­‐233	   97	   33.84	   0.11	   1.09	   9.68	   	  	   5556	   	  	   	  	   	  	  
231-­‐232	   98	   33.63	   	  	   	  	   	  	   	  	   5597	   	  	   	  	   	  	  
230-­‐231	   99	   33.51	   	  	   	  	   	  	   	  	   5637	   	  	   	  	   	  	  
229-­‐230	   100	   34.27	   0.11	   1.06	   9.60	   	  	   5678	   	  	   	  	   	  	  
228-­‐229	   101	   34.60	   0.12	   1.12	   9.49	   	  	   5719	   	  	   	  	   	  	  
227-­‐228	   102	   34.57	   	  	   	  	   	  	   	  	   5759	   	  	   	  	   	  	  
226-­‐227	   103	   35.25	   	  	   	  	   	  	   	  	   5800	   	  	   	  	   	  	  
225-­‐226	   104	   34.47	   	  	   	  	   	  	   	  	   5841	   	  	   	  	   	  	  
224-­‐225	   105	   34.99	   0.12	   1.14	   9.50	   	  	   5881	   	  	   	  	   	  	  
223-­‐224	   106	   35.32	   	  	   	  	   	  	   	  	   5922	   	  	   	  	   	  	  
222-­‐223	   107	   36.07	   	  	   	  	   	  	   	  	   5963	   	  	   	  	   	  	  
221-­‐222	   108	   36.54	   0.14	   1.25	   8.93	   	  	   6003	   	  	   	  	   	  	  
220-­‐221	   109	   37.07	   0.15	   1.58	   10.90	   	  	   6044	   	  	   	  	   	  	  
219-­‐220	   110	   37.01	   0.15	   1.28	   8.44	   	  	   6084	   	  	   	  	   	  	  
218-­‐219	   111	   36.74	   0.14	   1.29	   9.21	   	  	   6125	   	  	   	  	   	  	  















216-­‐217	   113	   37.52	   0.13	   1.23	   9.46	   	  	   6206	   	  	   	  	   	  	  
215-­‐216	   114	   37.35	   	  	   	  	   	  	   	  	   6247	   	  	   	  	   	  	  
214-­‐215	   115	   36.35	   	  	   	  	   	  	   	  	   6288	   	  	   	  	   	  	  
213-­‐214	   116	   36.30	   	  	   	  	   	  	   	  	   6328	   	  	   	  	   	  	  
212-­‐213	   117	   36.54	   0.13	   1.19	   9.15	   	  	   6369	   	  	   	  	   	  	  
211-­‐212	   118	   37.53	   	  	   	  	   	  	   	  	   6410	   	  	   	  	   	  	  
210-­‐211	   119	   38.05	   	  	   	  	   	  	   	  	   6450	   	  	   	  	   	  	  
209-­‐210	   120	   37.83	   0.13	   1.22	   9.47	   	  	   6491	   	  	   	  	   	  	  
208-­‐209	   121	   37.34	   0.12	   1.14	   9.50	   	  	   6532	   	  	   	  	   	  	  
207-­‐208	   122	   37.34	   	  	   	  	   	  	   	  	   6572	   	  	   	  	   	  	  
206-­‐207	   123	   37.08	   	  	   	  	   	  	   	  	   6613	   	  	   	  	   	  	  
205-­‐206	   124	   36.83	   	  	   	  	   	  	   	  	   6654	   	  	   	  	   	  	  
204-­‐205	   125	   36.16	   0.12	   1.12	   9.33	   	  	   6694	   	  	   	  	   	  	  
203-­‐204	   126	   35.31	   	  	   	  	   	  	   	  	   6735	   	  	   	  	   	  	  
202-­‐203	   127	   35.26	   	  	   	  	   	  	   	  	   6776	   	  	   	  	   	  	  
201-­‐202	   128	   34.99	   	  	   	  	   	  	   	  	   6816	   	  	   	  	   	  	  
200-­‐201	   129	   34.46	   0.10	   1.01	   10.10	   	  	   6857	   	  	   	  	   	  	  
199-­‐200	   130	   34.86	   0.11	   1.01	   9.40	   	  	   6898	   	  	   	  	   	  	  
198-­‐199	   131	   35.08	   	  	   	  	   	  	   	  	   6938	   	  	   	  	   	  	  
197-­‐198	   132	   35.07	   	  	   	  	   	  	   	  	   6979	   	  	   	  	   	  	  
196-­‐197	   133	   34.82	   0.11	   1.02	   9.27	   	  	   7020	   	  	   	  	   	  	  
195-­‐196	   134	   34.75	   	  	   	  	   	  	   	  	   7060	   	  	   	  	   	  	  
194-­‐195	   135	   35.21	   	  	   	  	   	  	   	  	   7101	   	  	   	  	   	  	  
193-­‐194	   136	   34.85	   	  	   	  	   	  	   	  	   7142	   	  	   	  	   	  	  
192-­‐193	   137	   34.72	   0.10	   0.97	   9.70	   	  	   7182	   	  	   	  	   	  	  
191-­‐192	   138	   34.64	   	  	   	  	   	  	   	  	   7223	   	  	   	  	   	  	  
190-­‐191	   139	   34.34	   	  	   	  	   	  	   	  	   7264	   	  	   	  	   	  	  
189-­‐190	   140	   33.59	   0.10	   0.92	   8.95	   -­‐27.43	   7304	   	  	   	  	   	  	  
188-­‐189	   141	   33.40	   0.10	   0.99	   9.90	   	  	   7345	   	  	   	  	   	  	  
187-­‐188	   142	   32.91	   	  	   	  	   	  	   	  	   7386	   	  	   	  	   	  	  
186-­‐187	   143	   32.94	   	  	   	  	   	  	   	  	   7426	   	  	   	  	   	  	  
185-­‐186	   144	   33.31	   	  	   	  	   	  	   	  	   7467	   	  	   	  	   	  	  
184-­‐185	   145	   32.68	   0.10	   0.97	   9.70	   	  	   7508	   	  	   	  	   	  	  
183-­‐184	   146	   32.32	   	  	   	  	   	  	   	  	   7548	   	  	   	  	   	  	  
182-­‐183	   147	   32.13	   	  	   	  	   	  	   	  	   7589	   	  	   	  	   	  	  
181-­‐182	   148	   31.18	   	  	   	  	   	  	   	  	   7629	   	  	   	  	   	  	  
180-­‐181	   149	   30.77	   0.08	   0.89	   11.13	   	  	   7670	   	  	   	  	   	  	  















178-­‐179	   151	   31.22	   	  	   	  	   	  	   	  	   7751	   	  	   	  	   	  	  
177-­‐178	   152	   31.59	   	  	   	  	   	  	   	  	   7792	   	  	   	  	   	  	  
176-­‐177	   153	   31.69	   0.10	   1.17	   11.70	   	  	   7833	   	  	   	  	   	  	  
175-­‐176	   154	   31.77	   	  	   	  	   	  	   	  	   7873	   	  	   	  	   	  	  
174-­‐175	   155	   31.17	   	  	   	  	   	  	   	  	   7914	   	  	   	  	   	  	  
173-­‐174	   156	   30.75	   	  	   	  	   	  	   	  	   7955	   	  	   	  	   	  	  
172-­‐173	   157	   30.98	   0.10	   1.07	   10.70	   	  	   7995	   	  	   	  	   	  	  
171-­‐172	   158	   31.35	   	  	   	  	   	  	   	  	   8036	   	  	   	  	   	  	  
170-­‐171	   159	   31.45	   	  	   	  	   	  	   	  	   8077	   	  	   	  	   	  	  
169-­‐170	   160	   32.11	   0.11	   1.18	   10.96	   -­‐28.07	   8117	   	  	   	  	   	  	  
168-­‐169	   161	   32.99	   0.12	   1.38	   11.50	   	  	   8158	   	  	   	  	   	  	  
167-­‐168	   162	   34.22	   	  	   	  	   	  	   	  	   8199	   	  	   	  	   	  	  
166-­‐167	   163	   36.09	   	  	   	  	   	  	   	  	   8239	   	  	   	  	   	  	  
165-­‐166	   164	   37.51	   	  	   	  	   	  	   	  	   8280	   	  	   	  	   	  	  
164-­‐165	   165	   38.24	   0.19	   2.06	   10.84	   	  	   8321	   	  	   	  	   	  	  
163-­‐164	   166	   38.30	   	  	   	  	   	  	   	  	   8361	   	  	   	  	   	  	  
162-­‐163	   167	   38.07	   	  	   	  	   	  	   	  	   8402	   	  	   	  	   	  	  
161-­‐162	   168	   37.36	   	  	   	  	   	  	   	  	   8443	   	  	   	  	   	  	  
160-­‐161	   169	   37.38	   0.18	   2.03	   11.28	   	  	   8483	   	  	   	  	   	  	  
159-­‐160	   170	   36.74	   0.17	   2.02	   11.83	   -­‐28.16	   8524	   	  	   	  	   	  	  
158-­‐159	   171	   35.06	   	  	   	  	   	  	   	  	   8565	   	  	   	  	   	  	  
157-­‐158	   172	   34.73	   	  	   	  	   	  	   	  	   8605	   	  	   	  	   	  	  
156-­‐157	   173	   34.60	   0.18	   2.02	   11.22	   	  	   8646	   	  	   	  	   	  	  
155-­‐156	   174	   33.83	   	  	   	  	   	  	   	  	   8687	   	  	   	  	   	  	  
154-­‐155	   175	   33.36	   	  	   	  	   	  	   	  	   8727	   	  	   	  	   	  	  
153-­‐154	   176	   32.39	   	  	   	  	   	  	   	  	   8768	   	  	   	  	   	  	  
152-­‐153	   177	   30.95	   0.15	   1.52	   10.13	   	  	   8809	   	  	   	  	   	  	  
151-­‐152	   178	   30.92	   	  	   	  	   	  	   	  	   8849	   	  	   	  	   	  	  
150-­‐151	   179	   31.11	   	  	   	  	   	  	   	  	   8890	   	  	   	  	   	  	  
149-­‐150	   180	   36.84	   0.13	   1.48	   11.71	   -­‐28.25	   8931	   	  	   	  	   	  	  
148-­‐149	   181	   37.45	   0.14	   1.49	   10.64	   	  	   8971	   	  	   	  	   	  	  
147-­‐148	   182	   37.46	   	  	   	  	   	  	   	  	   9012	   	  	   	  	   	  	  
146-­‐147	   183	   36.77	   	  	   	  	   	  	   	  	   9053	   	  	   	  	   	  	  
145-­‐146	   184	   38.00	   	  	   	  	   	  	   	  	   9093	   	  	   	  	   	  	  
144-­‐145	   185	   37.83	   0.14	   1.55	   11.10	   	  	   9134	   	  	   	  	   	  	  
143-­‐144	   186	   38.38	   	  	   	  	   	  	   	  	   9174	   	  	   	  	   	  	  
142-­‐143	   187	   38.24	   	  	   	  	   	  	   	  	   9215	   	  	   	  	   	  	  















140-­‐141	   189	   37.70	   0.12	   1.32	   11.00	   	  	   9296	   	  	   	  	   	  	  
139-­‐140	   190	   38.08	   0.11	   1.27	   11.13	   -­‐28.24	   9337	   	  	   	  	   	  	  
138-­‐139	   191	   37.55	   	  	   	  	   	  	   	  	   9378	   	  	   	  	   	  	  
137-­‐138	   192	   38.02	   	  	   	  	   	  	   	  	   9418	   	  	   	  	   	  	  
136-­‐137	   193	   37.51	   0.11	   1.21	   11.00	   	  	   9459	   0.13	   1.16	   8.62	  
135-­‐136	   194	   36.86	   	  	   	  	   	  	   	  	   9500	   	  	   	  	   	  	  
134-­‐135	   195	   37.37	   0.11	   1.16	   10.33	   	  	   9540	   	  	   	  	   	  	  
133-­‐134	   196	   36.32	   	  	   	  	   	  	   	  	   9581	   	  	   	  	   	  	  
132-­‐133	   197	   36.34	   0.11	   1.03	   9.36	   	  	   9622	   0.12	   1.01	   8.54	  
131-­‐132	   198	   36.13	   	  	   	  	   	  	   	  	   9662	   	  	   	  	   	  	  
130-­‐131	   199	   34.25	   	  	   	  	   	  	   	  	   9703	   	  	   	  	   	  	  
129-­‐130	   200	   35.03	   0.09	   0.87	   9.63	   -­‐28.68	   9744	   	  	   	  	   	  	  
128-­‐129	   201	   34.43	   0.12	   0.87	   7.25	   	  	   9784	   0.09	   0.80	   8.48	  
127-­‐128	   202	   34.31	   	  	   	  	   	  	   	  	   9825	   	  	   	  	   	  	  
126-­‐127	   203	   33.87	   	  	   	  	   	  	   	  	   9866	   	  	   	  	   	  	  
125-­‐126	   204	   33.61	   	  	   	  	   	  	   	  	   9906	   	  	   	  	   	  	  
124-­‐125	   205	   32.07	   0.08	   0.71	   8.87	   	  	   9947	   0.08	   0.74	   9.28	  
123-­‐124	   206	   31.45	   	  	   	  	   	  	   	  	   9988	   	  	   	  	   	  	  
122-­‐123	   207	   28.42	   	  	   	  	   	  	   	  	   10028	   	  	   	  	   	  	  
121-­‐122	   208	   32.03	   	  	   	  	   	  	   	  	   10069	   	  	   	  	   	  	  
120-­‐121	   209	   31.05	   0.07	   0.69	   9.86	   	  	   10110	   0.07	   0.61	   8.78	  
119-­‐120	   210	   31.39	   0.07	   0.59	   8.76	   -­‐28.53	   10150	   	  	   	  	   	  	  
118-­‐119	   211	   31.85	   	  	   	  	   	  	   	  	   10191	   	  	   	  	   	  	  
117-­‐118	   212	   31.40	   	  	   	  	   	  	   	  	   10232	   	  	   	  	   	  	  
116-­‐117	   213	   31.83	   0.06	   0.64	   10.67	   	  	   10272	   0.06	   0.49	   8.26	  
115-­‐116	   214	   32.96	   	  	   	  	   	  	   	  	   10313	   	  	   	  	   	  	  
114-­‐115	   215	   33.11	   0.05	   0.71	   13.06	   	  	   10354	   	  	   	  	   	  	  
113-­‐114	   216	   33.86	   	  	   	  	   	  	   	  	   10394	   	  	   	  	   	  	  
112-­‐113	   217	   34.48	   0.06	   0.71	   11.83	   	  	   10435	   0.05	   0.41	   7.57	  
111-­‐112	   218	   33.48	   	  	   	  	   	  	   	  	   10476	   	  	   	  	   	  	  
110-­‐111	   219	   35.25	   	  	   	  	   	  	   	  	   10516	   	  	   	  	   	  	  
109-­‐110	   220	   33.94	   0.06	   0.70	   11.67	   -­‐19.37	   10557	   	  	   	  	   	  	  
108-­‐109	   221	   33.80	   0.06	   0.71	   11.83	   	  	   10598	   0.05	   0.39	   7.66	  
107-­‐108	   222	   35.46	   	  	   	  	   	  	   	  	   10638	   	  	   	  	   	  	  
106-­‐107	   223	   35.84	   	  	   	  	   	  	   	  	   10679	   	  	   	  	   	  	  
105-­‐106	   224	   35.65	   	  	   	  	   	  	   	  	   10719	   	  	   	  	   	  	  
104-­‐105	   225	   35.64	   0.06	   0.79	   13.17	   -­‐18.20	   10760	   0.05	   0.40	   7.43	  















102-­‐103	   227	   32.53	   	  	   	  	   	  	   	  	   10841	   	  	   	  	   	  	  
101-­‐102	   228	   36.14	   	  	   	  	   	  	   	  	   10882	   	  	   	  	   	  	  
100-­‐101	   229	   35.81	   0.06	   0.77	   12.83	   	  	   10923	   0.05	   0.38	   7.72	  
099-­‐100	   230	   31.07	   0.04	   0.62	   15.50	   -­‐14.70	   10963	   	  	   	  	   	  	  
098-­‐099	   231	   34.76	   	  	   	  	   	  	   	  	   11004	   	  	   	  	   	  	  
097-­‐098	   232	   36.28	   	  	   	  	   	  	   	  	   11045	   	  	   	  	   	  	  
096-­‐097	   233	   35.39	   0.06	   0.74	   12.33	   	  	   11085	   0.05	   0.37	   7.62	  
095-­‐096	   234	   36.54	   	  	   	  	   	  	   	  	   11126	   	  	   	  	   	  	  
094-­‐095	   235	   36.76	   0.05	   0.69	   13.80	   -­‐16.29	   11167	   	  	   	  	   	  	  
093-­‐094	   236	   36.78	   	  	   	  	   	  	   	  	   11207	   	  	   	  	   	  	  
092-­‐093	   237	   33.85	   0.06	   0.71	   11.83	   	  	   11248	   0.05	   0.39	   7.82	  
091-­‐092	   238	   36.46	   	  	   	  	   	  	   	  	   11289	   	  	   	  	   	  	  
090-­‐091	   239	   37.03	   	  	   	  	   	  	   	  	   11329	   	  	   	  	   	  	  
089-­‐090	   240	   37.46	   0.06	   0.76	   12.67	   -­‐15.66	   11370	   	  	   	  	   	  	  
088-­‐089	   241	   35.51	   0.06	   0.74	   12.33	   	  	   11411	   0.05	   0.39	   7.69	  
087-­‐088	   242	   28.91	   	  	   	  	   	  	   	  	   11451	   	  	   	  	   	  	  
086-­‐087	   243	   36.41	   	  	   	  	   	  	   	  	   11492	   	  	   	  	   	  	  
085-­‐086	   244	   36.24	   	  	   	  	   	  	   	  	   11533	   	  	   	  	   	  	  
084-­‐085	   245	   36.71	   0.06	   0.74	   12.33	   	  	   11573	   0.05	   0.40	   7.69	  
083-­‐084	   246	   35.33	   	  	   	  	   	  	   	  	   11614	   	  	   	  	   	  	  
082-­‐083	   247	   31.25	   	  	   	  	   	  	   	  	   11655	   	  	   	  	   	  	  
081-­‐082	   248	   29.39	   	  	   	  	   	  	   	  	   11695	   	  	   	  	   	  	  
080-­‐081	   249	   32.40	   0.06	   0.68	   11.33	   	  	   11736	   0.05	   0.37	   7.86	  
079-­‐080	   250	   33.71	   0.06	   0.65	   11.53	   	  	   11777	   	  	   	  	   	  	  
078-­‐079	   251	   35.13	   	  	   	  	   	  	   	  	   11817	   	  	   	  	   	  	  
077-­‐078	   252	   33.43	   	  	   	  	   	  	   	  	   11858	   	  	   	  	   	  	  
076-­‐077	   253	   33.16	   0.05	   0.67	   13.40	   	  	   11899	   0.05	   0.33	   7.18	  
075-­‐076	   254	   34.97	   	  	   	  	   	  	   	  	   11939	   	  	   	  	   	  	  
074-­‐075	   255	   34.88	   	  	   	  	   	  	   	  	   11980	   	  	   	  	   	  	  
073-­‐074	   256	   35.69	   	  	   	  	   	  	   	  	   12021	   	  	   	  	   	  	  
072-­‐073	   257	   36.57	   0.06	   0.71	   11.83	   	  	   12061	   0.05	   0.39	   7.54	  
071-­‐072	   258	   35.82	   	  	   	  	   	  	   	  	   12102	   	  	   	  	   	  	  
070-­‐071	   259	   35.53	   	  	   	  	   	  	   	  	   12143	   	  	   	  	   	  	  
069-­‐070	   260	   34.52	   0.06	   0.64	   11.14	   	  	   12183	   	  	   	  	   	  	  
068-­‐069	   261	   35.79	   0.06	   0.71	   11.83	   	  	   12224	   0.05	   0.40	   7.44	  
067-­‐068	   262	   35.81	   	  	   	  	   	  	   	  	   12264	   	  	   	  	   	  	  
066-­‐067	   263	   35.30	   	  	   	  	   	  	   	  	   12305	   	  	   	  	   	  	  















064-­‐065	   265	   36.51	   0.06	   0.72	   12.00	   	  	   12386	   0.05	   0.40	   7.59	  
063-­‐064	   266	   36.45	   	  	   	  	   	  	   	  	   12427	   	  	   	  	   	  	  
062-­‐063	   267	   34.09	   	  	   	  	   	  	   	  	   12468	   	  	   	  	   	  	  
061-­‐062	   268	   36.03	   	  	   	  	   	  	   	  	   12508	   	  	   	  	   	  	  
060-­‐061	   269	   35.36	   0.06	   0.76	   12.67	   	  	   12549	   0.05	   0.38	   7.30	  
059-­‐060	   270	   36.78	   0.06	   0.66	   11.30	   	  	   12590	   	  	   	  	   	  	  
058-­‐059	   271	   36.32	   	  	   	  	   	  	   	  	   12630	   	  	   	  	   	  	  
057-­‐058	   272	   34.99	   	  	   	  	   	  	   	  	   12671	   	  	   	  	   	  	  
056-­‐057	   273	   34.48	   0.06	   0.74	   12.33	   	  	   12712	   0.05	   0.36	   7.58	  
055-­‐056	   274	   36.85	   	  	   	  	   	  	   	  	   12752	   	  	   	  	   	  	  
054-­‐055	   275	   35.69	   	  	   	  	   	  	   	  	   12793	   	  	   	  	   	  	  
053-­‐054	   276	   34.69	   	  	   	  	   	  	   	  	   12834	   	  	   	  	   	  	  
052-­‐053	   277	   36.57	   0.06	   0.71	   11.83	   	  	   12874	   0.05	   0.38	   7.24	  
051-­‐052	   278	   36.85	   	  	   	  	   	  	   	  	   12915	   	  	   	  	   	  	  
050-­‐051	   279	   35.07	   	  	   	  	   	  	   	  	   12956	   	  	   	  	   	  	  
049-­‐050	   280	   36.07	   0.06	   0.71	   12.28	   	  	   12996	   	  	   	  	   	  	  
048-­‐049	   281	   36.82	   0.06	   0.77	   12.83	   	  	   13037	   0.05	   0.37	   7.32	  
047-­‐048	   282	   35.59	   	  	   	  	   	  	   	  	   13078	   	  	   	  	   	  	  
046-­‐047	   283	   35.66	   	  	   	  	   	  	   	  	   13118	   	  	   	  	   	  	  
045-­‐046	   284	   35.74	   	  	   	  	   	  	   	  	   13159	   	  	   	  	   	  	  
044-­‐045	   285	   36.57	   0.06	   0.76	   12.67	   	  	   13200	   0.05	   0.38	   7.12	  
043-­‐044	   286	   35.16	   	  	   	  	   	  	   	  	   13240	   	  	   	  	   	  	  
042-­‐043	   287	   36.56	   	  	   	  	   	  	   	  	   13281	   	  	   	  	   	  	  
041-­‐042	   288	   36.56	   	  	   	  	   	  	   	  	   13322	   	  	   	  	   	  	  
040-­‐041	   289	   35.02	   0.06	   0.76	   12.67	   	  	   13362	   0.05	   0.41	   7.99	  
039-­‐040	   290	   35.53	   0.06	   0.68	   12.16	   	  	   13403	   	  	   	  	   	  	  
038-­‐039	   291	   35.05	   	  	   	  	   	  	   	  	   13444	   	  	   	  	   	  	  
037-­‐038	   292	   29.12	   	  	   	  	   	  	   	  	   13484	   	  	   	  	   	  	  
036-­‐037	   293	   34.10	   0.06	   0.69	   11.50	   	  	   13525	   0.05	   0.37	   7.19	  
035-­‐036	   294	   35.19	   	  	   	  	   	  	   	  	   13566	   	  	   	  	   	  	  
034-­‐035	   295	   37.16	   	  	   	  	   	  	   	  	   13606	   	  	   	  	   	  	  
033-­‐034	   296	   37.07	   	  	   	  	   	  	   	  	   13647	   	  	   	  	   	  	  
032-­‐033	   297	   37.39	   0.06	   0.72	   12.00	   	  	   13688	   0.05	   0.41	   7.63	  
031-­‐032	   298	   32.90	   	  	   	  	   	  	   	  	   13728	   	  	   	  	   	  	  
030-­‐031	   299	   36.55	   	  	   	  	   	  	   	  	   13769	   	  	   	  	   	  	  
029-­‐030	   300	   36.19	   0.06	   0.67	   11.02	   	  	   13809	   	  	   	  	   	  	  
028-­‐029	   301	   35.60	   0.06	   0.69	   11.50	   	  	   13850	   0.06	   0.40	   7.12	  















026-­‐027	   303	   37.37	   	  	   	  	   	  	   	  	   13931	   	  	   	  	   	  	  
025-­‐026	   304	   36.82	   	  	   	  	   	  	   	  	   13972	   	  	   	  	   	  	  
024-­‐025	   305	   35.14	   0.05	   0.72	   14.40	   	  	   14013	   0.05	   0.35	   7.49	  
023-­‐024	   306	   31.63	   	  	   	  	   	  	   	  	   14053	   	  	   	  	   	  	  
022-­‐023	   307	   35.31	   	  	   	  	   	  	   	  	   14094	   	  	   	  	   	  	  
021-­‐022	   308	   33.94	   	  	   	  	   	  	   	  	   14135	   	  	   	  	   	  	  
020-­‐021	   309	   35.90	   0.06	   0.80	   13.33	   	  	   14175	   0.05	   0.38	   7.14	  
019-­‐020	   310	   34.92	   0.06	   0.68	   11.60	   	  	   14216	   	  	   	  	   	  	  
018-­‐019	   311	   36.50	   	  	   	  	   	  	   	  	   14257	   	  	   	  	   	  	  
017-­‐018	   312	   36.79	   	  	   	  	   	  	   	  	   14297	   	  	   	  	   	  	  
016-­‐017	   313	   37.17	   0.06	   0.79	   13.17	   	  	   14338	   0.05	   0.40	   7.51	  
015-­‐016	   314	   37.11	   	  	   	  	   	  	   	  	   14379	   	  	   	  	   	  	  
014-­‐015	   315	   36.66	   	  	   	  	   	  	   	  	   14419	   	  	   	  	   	  	  
013-­‐014	   316	   34.87	   	  	   	  	   	  	   	  	   14460	   	  	   	  	   	  	  
012-­‐013	   317	   37.44	   0.06	   0.73	   12.17	   	  	   14501	   0.05	   0.41	   7.40	  
011-­‐012	   318	   36.71	   	  	   	  	   	  	   	  	   14541	   	  	   	  	   	  	  
010-­‐011	   319	   37.05	   	  	   	  	   	  	   	  	   14582	   	  	   	  	   	  	  
009-­‐010	   320	   34.27	   0.06	   0.70	   11.52	   	  	   14623	   	  	   	  	   	  	  
008-­‐009	   321	   34.64	   0.06	   0.85	   14.17	   	  	   14663	   0.05	   0.40	   7.26	  
007-­‐008	   322	   33.99	   	  	   	  	   	  	   	  	   14704	   	  	   	  	   	  	  
006-­‐007	   323	   34.35	   	  	   	  	   	  	   	  	   14745	   	  	   	  	   	  	  
005-­‐006	   324	   33.90	   	  	   	  	   	  	   	  	   14785	   	  	   	  	   	  	  
004-­‐005	   325	   33.76	   0.06	   0.77	   12.83	   	  	   14826	   0.06	   0.47	   7.94	  
003-­‐004	   326	   34.65	   0.06	   0.72	   11.61	   	  	   14867	   	  	   	  	   	  	  
002-­‐003	   327	   	  	   	  	   	  	   	  	   	  	   14907	   	  	   	  	   	  	  
001-­‐002	   328	   	  	   	  	   	  	   	  	   	  	   14948	   	  	   	  	   	  	  






APPENDIX  B: SAB13 DATA TABLE 
Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
302-­‐303	   1	   22.76	   0.06	   0.34	   5.17	   	  	   637	  
301-­‐302	   2	   22.65	   	  	   	  	   	  	   	  	   650	  
300-­‐301	   3	   23.08	   	  	   	  	   	  	   	  	   663	  
299-­‐300	   4	   23.04	   	  	   	  	   	  	   	  	   677	  
298-­‐299	   5	   23.48	   0.06	   0.40	   6.39	   	  	   690	  
297-­‐298	   6	   23.74	   	  	   	  	   	  	   	  	   703	  
296-­‐297	   7	   23.83	   	  	   	  	   	  	   	  	   716	  
295-­‐296	   8	   23.66	   	  	   	  	   	  	   	  	   729	  
294-­‐295	   9	   24.37	   0.06	   0.35	   5.84	   	  	   743	  
293-­‐294	   10	   24.46	   	  	   	  	   	  	   	  	   756	  
292-­‐293	   11	   24.17	   	  	   	  	   	  	   	  	   769	  
291-­‐292	   12	   24.25	   	  	   	  	   	  	   	  	   782	  
290-­‐291	   13	   24.40	   0.06	   0.46	   7.78	   	  	   795	  
289-­‐290	   14	   24.25	   	  	   	  	   	  	   	  	   809	  
288-­‐289	   15	   23.89	   	  	   	  	   	  	   	  	   822	  
287-­‐288	   16	   22.85	   	  	   	  	   	  	   	  	   835	  
286-­‐287	   17	   23.05	   0.06	   0.50	   8.32	   	  	   899	  
285-­‐286	   18	   22.61	   	  	   	  	   	  	   	  	   964	  
284-­‐285	   19	   22.81	   	  	   	  	   	  	   	  	   1028	  
283-­‐284	   20	   26.03	   	  	   	  	   	  	   	  	   1093	  
282-­‐283	   21	   27.29	   0.10	   0.70	   7.27	   	  	   1157	  
281-­‐282	   22	   27.47	   	  	   	  	   	  	   	  	   1221	  
280-­‐281	   23	   27.90	   	  	   	  	   	  	   	  	   1286	  
279-­‐280	   24	   28.40	   	  	   	  	   	  	   	  	   1350	  
278-­‐279	   25	   28.24	   0.10	   0.78	   7.51	   	  	   1414	  
277-­‐278	   26	   26.89	   	  	   	  	   	  	   	  	   1479	  
276-­‐277	   27	   26.98	   	  	   	  	   7.75	   -­‐29.70	   1543	  
275-­‐276	   28	   25.69	   	  	   	  	   	  	   	  	   1608	  
274-­‐275	   29	   25.06	   0.07	   0.59	   8.01	   	  	   1672	  
273-­‐274	   30	   24.82	   	  	   	  	   	  	   	  	   1736	  
272-­‐273	   31	   26.22	   	  	   	  	   	  	   	  	   1801	  
271-­‐272	   32	   28.90	   	  	   	  	   	  	   	  	   1865	  
270-­‐271	   33	   29.26	   0.10	   0.85	   8.88	   	  	   1929	  
269-­‐270	   34	   28.58	   	  	   	  	   	  	   	  	   1994	  
268-­‐269	   35	   28.83	   	  	   	  	   	  	   	  	   2058	  
267-­‐268	   36	   28.49	   	  	   	  	   	  	   	  	   2123	  




Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
265-­‐266	   38	   25.58	   	  	   	  	   	  	   	  	   2251	  
264-­‐265	   39	   26.81	   	  	   	  	   	  	   	  	   2316	  
263-­‐264	   40	   28.11	   	  	   	  	   	  	   	  	   2380	  
262-­‐263	   41	   29.68	   0.12	   1.24	   10.64	   	  	   2444	  
261-­‐262	   42	   30.71	   	  	   	  	   	  	   	  	   2509	  
260-­‐261	   43	   31.20	   0.17	   1.80	   10.59	   -­‐30.05	   2573	  
259-­‐260	   44	   31.71	   	  	   	  	   	  	   	  	   2638	  
258-­‐259	   45	   31.99	   0.15	   1.82	   11.95	   	  	   2702	  
257-­‐258	   46	   33.04	   	  	   	  	   	  	   	  	   2766	  
256-­‐257	   47	   35.48	   0.17	   1.99	   11.71	   -­‐27.92	   2831	  
255-­‐256	   48	   39.09	   	  	   	  	   	  	   	  	   2895	  
254-­‐255	   49	   39.87	   0.17	   2.22	   12.90	   	  	   2959	  
253-­‐254	   50	   35.58	   	  	   	  	   	  	   	  	   3024	  
252-­‐253	   51	   42.67	   0.27	   4.12	   15.26	   -­‐27.07	   3088	  
251-­‐252	   52	   45.45	   	  	   	  	   14.83	   -­‐25.10	   3153	  
250-­‐251	   53	   41.36	   0.24	   3.44	   14.38	   	  	   3217	  
249-­‐250	   54	   38.95	   	  	   	  	   	  	   	  	   3281	  
248-­‐249	   55	   39.18	   0.22	   2.82	   12.82	   -­‐28.30	   3346	  
247-­‐248	   56	   38.08	   	  	   	  	   	  	   	  	   3410	  
246-­‐247	   57	   35.99	   0.17	   2.37	   13.66	   	  	   3474	  
245-­‐246	   58	   36.11	   	  	   	  	   	  	   	  	   3539	  
244-­‐245	   59	   35.76	   0.20	   2.30	   11.50	   -­‐30.12	   3603	  
243-­‐244	   60	   36.55	   	  	   	  	   	  	   	  	   3668	  
242-­‐243	   61	   39.55	   0.19	   2.13	   11.37	   	  	   3732	  
241-­‐242	   62	   41.67	   	  	   	  	   	  	   	  	   3796	  
240-­‐241	   63	   42.42	   0.27	   3.01	   11.10	   	  	   3861	  
239-­‐240	   64	   42.97	   	  	   	  	   	  	   	  	   3925	  
238-­‐239	   65	   44.87	   0.22	   2.10	   9.36	   	  	   3989	  
237-­‐238	   66	   52.77	   	  	   	  	   	  	   	  	   4054	  
236-­‐237	   67	   57.43	   0.65	   7.79	   12.00	   -­‐28.49	   4118	  
235-­‐236	   68	   53.37	   	  	   	  	   	  	   	  	   4183	  
234-­‐235	   69	   49.15	   0.72	   9.83	   13.65	   	  	   4247	  
233-­‐234	   70	   50.56	   	  	   	  	   	  	   	  	   4311	  
232-­‐233	   71	   54.14	   0.56	   7.03	   12.50	   -­‐30.91	   4376	  
231-­‐232	   72	   56.57	   	  	   	  	   	  	   	  	   4440	  
230-­‐231	   73	   59.65	   0.76	   8.50	   11.24	   	  	   4504	  
229-­‐230	   74	   60.35	   	  	   	  	   	  	   	  	   4569	  
228-­‐229	   75	   60.26	   0.96	   8.88	   9.20	   -­‐29.91	   4633	  




Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
226-­‐227	   77	   67.60	   0.73	   8.40	   11.51	   	  	   4762	  
225-­‐226	   78	   58.25	   	  	   	  	   	  	   	  	   4826	  
224-­‐225	   79	   70.87	   1.05	   12.69	   12.00	   -­‐27.74	   4891	  
223-­‐224	   80	   71.95	   	  	   	  	   	  	   	  	   4955	  
222-­‐223	   81	   67.93	   1.18	   13.65	   11.59	   	  	   5019	  
221-­‐222	   82	   67.21	   	  	   	  	   	  	   	  	   5084	  
220-­‐221	   83	   67.97	   1.16	   13.78	   11.90	   -­‐27.38	   5148	  
219-­‐220	   84	   67.89	   	  	   	  	   	  	   	  	   5213	  
218-­‐219	   85	   67.95	   1.27	   13.60	   10.68	   	  	   5277	  
217-­‐218	   86	   67.88	   	  	   	  	   	  	   	  	   5341	  
216-­‐217	   87	   68.64	   1.27	   13.20	   10.40	   -­‐26.35	   5406	  
215-­‐216	   88	   69.34	   	  	   	  	   	  	   	  	   5470	  
214-­‐215	   89	   70.84	   1.46	   14.29	   9.79	   	  	   5534	  
213-­‐214	   90	   71.29	   	  	   	  	   	  	   	  	   5599	  
212-­‐213	   91	   71.34	   1.44	   14.46	   10.00	   -­‐25.27	   5663	  
211-­‐212	   92	   72.78	   	  	   	  	   	  	   	  	   5728	  
210-­‐211	   93	   76.10	   1.81	   17.79	   9.83	   	  	   5792	  
209-­‐210	   94	   76.16	   	  	   	  	   	  	   	  	   5856	  
208-­‐209	   95	   76.44	   2.05	   19.16	   9.40	   -­‐26.09	   5921	  
207-­‐208	   96	   76.88	   	  	   	  	   	  	   	  	   5985	  
206-­‐207	   97	   76.43	   1.91	   17.60	   9.23	   	  	   6049	  
205-­‐206	   98	   77.57	   	  	   	  	   	  	   	  	   6114	  
204-­‐205	   99	   79.57	   2.55	   22.15	   8.70	   -­‐24.54	   6178	  
203-­‐204	   100	   81.59	   	  	   	  	   	  	   	  	   6243	  
202-­‐203	   101	   82.11	   2.14	   20.20	   9.42	   	  	   6307	  
201-­‐202	   102	   81.83	   	  	   	  	   	  	   	  	   6371	  
200-­‐201	   103	   83.14	   2.40	   25.57	   10.60	   -­‐24.83	   6436	  
199-­‐200	   104	   81.51	   	  	   	  	   11.00	   -­‐19.50	   6500	  
198-­‐199	   105	   81.54	   2.03	   23.15	   11.39	   	  	   6564	  
197-­‐198	   106	   81.81	   	  	   	  	   	  	   	  	   6629	  
196-­‐197	   107	   82.37	   2.37	   23.70	   10.00	   -­‐25.15	   6693	  
195-­‐196	   108	   81.40	   	  	   	  	   	  	   	  	   6758	  
194-­‐195	   109	   80.11	   2.11	   20.10	   9.52	   	  	   6822	  
193-­‐194	   110	   78.43	   	  	   	  	   	  	   	  	   6886	  
192-­‐193	   111	   79.08	   1.28	   13.21	   10.30	   -­‐25.07	   6951	  
191-­‐192	   112	   77.46	   	  	   	  	   	  	   	  	   7015	  
190-­‐191	   113	   75.68	   1.01	   11.42	   11.36	   	  	   7079	  
189-­‐190	   114	   73.40	   	  	   	  	   	  	   	  	   7144	  




Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
187-­‐188	   116	   67.76	   	  	   	  	   	  	   	  	   7273	  
186-­‐187	   117	   64.79	   0.74	   7.74	   10.45	   	  	   7337	  
185-­‐186	   118	   63.99	   	  	   	  	   	  	   	  	   7401	  
184-­‐185	   119	   63.19	   0.74	   7.06	   9.50	   -­‐25.88	   7466	  
183-­‐184	   120	   64.07	   	  	   	  	   	  	   	  	   7530	  
182-­‐183	   121	   62.11	   0.70	   6.93	   9.88	   	  	   7547	  
181-­‐182	   122	   57.52	   	  	   	  	   	  	   	  	   7563	  
180-­‐181	   123	   55.32	   0.48	   4.45	   9.20	   -­‐26.94	   7580	  
179-­‐180	   124	   52.51	   	  	   	  	   	  	   	  	   7596	  
178-­‐179	   125	   51.44	   0.36	   3.55	   9.83	   	  	   7613	  
177-­‐178	   126	   51.07	   	  	   	  	   	  	   	  	   7629	  
176-­‐177	   127	   50.16	   	  	   	  	   	  	   	  	   7646	  
175-­‐176	   128	   50.14	   	  	   	  	   	  	   	  	   7662	  
174-­‐175	   129	   49.75	   0.31	   3.10	   9.90	   	  	   7679	  
173-­‐174	   130	   49.77	   	  	   	  	   	  	   	  	   7695	  
172-­‐173	   131	   49.50	   	  	   	  	   	  	   	  	   7712	  
171-­‐172	   132	   49.72	   	  	   	  	   	  	   	  	   7728	  
170-­‐171	   133	   50.23	   0.31	   3.05	   9.92	   	  	   7745	  
169-­‐170	   134	   50.41	   	  	   	  	   	  	   	  	   7762	  
168-­‐169	   135	   50.68	   	  	   	  	   	  	   	  	   7778	  
167-­‐168	   136	   50.82	   	  	   	  	   	  	   	  	   7795	  
166-­‐167	   137	   50.96	   0.30	   2.89	   9.65	   	  	   7811	  
165-­‐166	   138	   50.99	   	  	   	  	   	  	   	  	   7828	  
164-­‐165	   139	   50.82	   	  	   	  	   	  	   	  	   7844	  
163-­‐164	   140	   51.11	   	  	   	  	   	  	   	  	   7861	  
162-­‐163	   141	   50.54	   0.30	   2.82	   9.53	   	  	   7877	  
161-­‐162	   142	   50.24	   	  	   	  	   	  	   	  	   7894	  
160-­‐161	   143	   50.03	   	  	   	  	   	  	   	  	   7910	  
159-­‐160	   144	   49.42	   	  	   	  	   	  	   	  	   7927	  
158-­‐159	   145	   49.24	   0.27	   2.56	   9.34	   	  	   7943	  
157-­‐158	   146	   48.74	   	  	   	  	   	  	   	  	   7960	  
156-­‐157	   147	   48.93	   	  	   	  	   	  	   	  	   7977	  
155-­‐156	   148	   48.52	   	  	   	  	   	  	   	  	   7993	  
154-­‐155	   149	   48.94	   0.26	   2.49	   9.48	   	  	   8010	  
153-­‐154	   150	   48.63	   	  	   	  	   	  	   	  	   8026	  
152-­‐153	   151	   48.42	   	  	   	  	   	  	   	  	   8043	  
151-­‐152	   152	   48.43	   	  	   	  	   	  	   	  	   8059	  
150-­‐151	   153	   48.40	   0.25	   2.37	   9.61	   	  	   8076	  




Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
148-­‐149	   155	   47.92	   	  	   	  	   	  	   	  	   8109	  
147-­‐148	   156	   47.74	   	  	   	  	   	  	   	  	   8125	  
146-­‐147	   157	   47.58	   0.25	   2.23	   8.89	   	  	   8142	  
145-­‐146	   158	   47.63	   	  	   	  	   	  	   	  	   8158	  
144-­‐145	   159	   47.08	   	  	   	  	   	  	   	  	   8175	  
143-­‐144	   160	   46.96	   	  	   	  	   	  	   	  	   8191	  
142-­‐143	   161	   47.28	   0.22	   1.99	   9.12	   	  	   8208	  
141-­‐142	   162	   47.47	   	  	   	  	   	  	   	  	   8225	  
140-­‐141	   163	   47.29	   	  	   	  	   	  	   	  	   8241	  
139-­‐140	   164	   47.78	   	  	   	  	   	  	   	  	   8258	  
138-­‐139	   165	   47.60	   0.23	   2.05	   9.05	   	  	   8274	  
137-­‐138	   166	   47.11	   	  	   	  	   	  	   	  	   8291	  
136-­‐137	   167	   47.33	   	  	   	  	   	  	   	  	   8307	  
135-­‐136	   168	   47.26	   	  	   	  	   	  	   	  	   8324	  
134-­‐135	   169	   47.63	   0.22	   2.01	   9.24	   	  	   8340	  
133-­‐134	   170	   47.42	   	  	   	  	   	  	   	  	   8357	  
132-­‐133	   171	   47.07	   	  	   	  	   	  	   	  	   8373	  
131-­‐132	   172	   47.08	   	  	   	  	   	  	   	  	   8390	  
130-­‐131	   173	   47.54	   0.23	   2.09	   9.08	   	  	   8406	  
129-­‐130	   174	   47.51	   	  	   	  	   	  	   	  	   8423	  
128-­‐129	   175	   47.57	   	  	   	  	   	  	   	  	   8440	  
127-­‐128	   176	   47.26	   	  	   	  	   	  	   	  	   8456	  
126-­‐127	   177	   47.24	   0.23	   2.04	   8.80	   	  	   8473	  
125-­‐126	   178	   47.42	   	  	   	  	   	  	   	  	   8489	  
124-­‐125	   179	   47.49	   	  	   	  	   	  	   	  	   8506	  
123-­‐124	   180	   47.73	   	  	   	  	   	  	   	  	   8522	  
122-­‐123	   181	   49.76	   0.25	   2.25	   9.10	   	  	   8539	  
121-­‐122	   182	   52.85	   	  	   	  	   	  	   	  	   8555	  
120-­‐121	   183	   53.63	   	  	   	  	   	  	   	  	   8572	  
119-­‐120	   184	   54.21	   	  	   	  	   	  	   	  	   8588	  
118-­‐119	   185	   54.24	   0.31	   3.00	   9.55	   	  	   8605	  
117-­‐118	   186	   53.59	   	  	   	  	   	  	   	  	   8621	  
116-­‐117	   187	   53.78	   	  	   	  	   	  	   	  	   8638	  
115-­‐116	   188	   55.12	   	  	   	  	   	  	   	  	   8669	  
114-­‐115	   189	   55.49	   0.34	   3.21	   9.32	   	  	   8700	  
113-­‐114	   190	   55.90	   	  	   	  	   	  	   	  	   8731	  
112-­‐113	   191	   55.62	   	  	   	  	   	  	   	  	   8762	  
111-­‐112	   192	   54.93	   	  	   	  	   	  	   	  	   8793	  




Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
109-­‐110	   194	   53.57	   	  	   	  	   	  	   	  	   8854	  
108-­‐109	   195	   53.14	   	  	   	  	   	  	   	  	   8885	  
107-­‐108	   196	   53.11	   	  	   	  	   	  	   	  	   8916	  
106-­‐107	   197	   53.66	   0.35	   3.52	   10.18	   	  	   8947	  
105-­‐106	   198	   54.35	   	  	   	  	   	  	   	  	   8978	  
104-­‐105	   199	   55.23	   	  	   	  	   	  	   	  	   9009	  
103-­‐104	   200	   56.40	   	  	   	  	   	  	   	  	   9040	  
102-­‐103	   201	   56.28	   0.39	   3.88	   9.97	   	  	   9050	  
101-­‐102	   202	   56.44	   	  	   	  	   	  	   	  	   9059	  
100-­‐101	   203	   57.90	   	  	   	  	   	  	   	  	   9069	  
099-­‐100	   204	   57.51	   	  	   	  	   	  	   	  	   9078	  
098-­‐099	   205	   57.22	   0.43	   4.18	   9.77	   	  	   9088	  
097-­‐098	   206	   56.17	   	  	   	  	   	  	   	  	   9098	  
096-­‐097	   207	   56.20	   	  	   	  	   	  	   	  	   9107	  
095-­‐096	   208	   56.23	   	  	   	  	   	  	   	  	   9117	  
094-­‐095	   209	   55.88	   0.41	   3.94	   9.70	   	  	   9127	  
093-­‐094	   210	   56.37	   	  	   	  	   	  	   	  	   9136	  
092-­‐093	   211	   56.54	   	  	   	  	   	  	   	  	   9146	  
091-­‐092	   212	   57.09	   	  	   	  	   	  	   	  	   9155	  
090-­‐091	   213	   56.80	   0.43	   4.38	   10.22	   	  	   9165	  
089-­‐090	   214	   56.07	   	  	   	  	   	  	   	  	   9175	  
088-­‐089	   215	   54.37	   	  	   	  	   	  	   	  	   9184	  
087-­‐088	   216	   53.65	   	  	   	  	   	  	   	  	   9194	  
086-­‐087	   217	   52.88	   0.41	   4.48	   11.04	   	  	   9203	  
085-­‐086	   218	   51.95	   	  	   	  	   	  	   	  	   9213	  
084-­‐085	   219	   51.74	   	  	   	  	   	  	   	  	   9223	  
083-­‐084	   220	   52.04	   	  	   	  	   	  	   	  	   9232	  
082-­‐083	   221	   51.86	   0.36	   3.85	   10.60	   	  	   9242	  
081-­‐082	   222	   50.68	   	  	   	  	   	  	   	  	   9252	  
080-­‐081	   223	   49.53	   	  	   	  	   	  	   	  	   9261	  
079-­‐080	   224	   49.69	   	  	   	  	   	  	   	  	   9271	  
078-­‐079	   225	   49.38	   0.31	   3.27	   10.48	   	  	   9280	  
077-­‐078	   226	   49.82	   	  	   	  	   	  	   	  	   9290	  
076-­‐077	   227	   49.49	   	  	   	  	   	  	   	  	   9300	  
075-­‐076	   228	   49.04	   	  	   	  	   	  	   	  	   9309	  
074-­‐075	   229	   49.03	   0.33	   3.35	   10.17	   	  	   9319	  
073-­‐074	   230	   50.37	   	  	   	  	   	  	   	  	   9328	  
072-­‐073	   231	   51.31	   	  	   	  	   	  	   	  	   9338	  




Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
070-­‐071	   233	   52.66	   0.37	   3.70	   9.89	   	  	   9357	  
069-­‐070	   234	   53.08	   	  	   	  	   	  	   	  	   9367	  
068-­‐069	   235	   53.25	   	  	   	  	   	  	   	  	   9377	  
067-­‐068	   236	   53.32	   	  	   	  	   	  	   	  	   9386	  
066-­‐067	   237	   53.48	   0.39	   4.11	   10.42	   	  	   9396	  
065-­‐066	   238	   53.60	   	  	   	  	   	  	   	  	   9405	  
064-­‐065	   239	   53.26	   	  	   	  	   	  	   	  	   9415	  
063-­‐064	   240	   52.75	   	  	   	  	   	  	   	  	   9425	  
062-­‐063	   241	   52.08	   0.35	   3.51	   10.15	   	  	   9434	  
061-­‐062	   242	   52.48	   	  	   	  	   	  	   	  	   9444	  
060-­‐061	   243	   52.27	   	  	   	  	   	  	   	  	   9453	  
059-­‐060	   244	   51.25	   	  	   	  	   	  	   	  	   9463	  
058-­‐059	   245	   50.42	   0.30	   3.22	   10.57	   	  	   9473	  
057-­‐058	   246	   48.37	   	  	   	  	   	  	   	  	   9482	  
056-­‐057	   247	   46.41	   	  	   	  	   	  	   	  	   9492	  
055-­‐056	   248	   44.14	   	  	   	  	   	  	   	  	   9502	  
054-­‐055	   249	   44.05	   0.22	   2.38	   10.66	   	  	   9511	  
053-­‐054	   250	   44.06	   	  	   	  	   	  	   	  	   9521	  
052-­‐053	   251	   42.93	   	  	   	  	   	  	   	  	   9530	  
051-­‐052	   252	   41.23	   	  	   	  	   	  	   	  	   9540	  
050-­‐051	   253	   39.52	   0.18	   1.94	   11.06	   	  	   9543	  
049-­‐050	   254	   38.53	   	  	   	  	   	  	   	  	   9546	  
048-­‐049	   255	   38.78	   	  	   	  	   	  	   	  	   9549	  
047-­‐048	   256	   39.17	   	  	   	  	   	  	   	  	   9553	  
046-­‐047	   257	   40.25	   0.18	   1.92	   10.72	   	  	   9556	  
045-­‐046	   258	   41.58	   	  	   	  	   	  	   	  	   9559	  
044-­‐045	   259	   41.82	   	  	   	  	   	  	   	  	   9562	  
043-­‐044	   260	   39.29	   	  	   	  	   	  	   	  	   9565	  
042-­‐043	   261	   39.32	   0.16	   1.70	   10.87	   	  	   9568	  
041-­‐042	   262	   39.25	   	  	   	  	   	  	   	  	   9571	  
040-­‐041	   263	   39.89	   	  	   	  	   	  	   	  	   9574	  
039-­‐040	   264	   40.47	   	  	   	  	   	  	   	  	   9578	  
038-­‐039	   265	   41.08	   0.17	   1.80	   10.83	   	  	   9581	  
037-­‐038	   266	   41.33	   	  	   	  	   	  	   	  	   9584	  
036-­‐037	   267	   42.23	   	  	   	  	   	  	   	  	   9587	  
035-­‐036	   268	   44.53	   	  	   	  	   	  	   	  	   9590	  
034-­‐035	   269	   45.94	   0.23	   2.42	   10.50	   	  	   9593	  
033-­‐034	   270	   43.65	   	  	   	  	   	  	   	  	   9596	  




Sample	   Depth	  (cm)	   %	  WC	   N	   C	   C:N	   δ13C Age	  (yBP)	  
031-­‐032	   272	   42.77	   	  	   	  	   	  	   	  	   9603	  
030-­‐031	   273	   43.70	   0.20	   2.19	   10.77	   	  	   9606	  
029-­‐030	   274	   45.49	   	  	   	  	   	  	   	  	   9609	  
028-­‐029	   275	   45.24	   	  	   	  	   	  	   	  	   9612	  
027-­‐028	   276	   45.06	   	  	   	  	   	  	   	  	   9615	  
026-­‐027	   277	   44.24	   0.22	   2.34	   10.66	   	  	   9618	  
025-­‐026	   278	   46.65	   	  	   	  	   	  	   	  	   9621	  
024-­‐025	   279	   51.46	   	  	   	  	   	  	   	  	   9624	  
023-­‐024	   280	   51.64	   	  	   	  	   	  	   	  	   9628	  
022-­‐023	   281	   50.55	   0.30	   3.12	   10.43	   	  	   9631	  
021-­‐022	   282	   48.63	   	  	   	  	   	  	   	  	   9634	  
020-­‐021	   283	   44.70	   	  	   	  	   	  	   	  	   9637	  
019-­‐020	   284	   45.70	   	  	   	  	   	  	   	  	   9640	  
018-­‐019	   285	   46.58	   0.23	   2.50	   10.75	   	  	   9643	  
017-­‐018	   286	   47.90	   	  	   	  	   	  	   	  	   9646	  
016-­‐017	   287	   48.95	   	  	   	  	   	  	   	  	   9649	  
015-­‐016	   288	   49.06	   	  	   	  	   	  	   	  	   9653	  
014-­‐015	   289	   47.31	   0.22	   2.35	   10.79	   	  	   9656	  
013-­‐014	   290	   45.80	   	  	   	  	   	  	   	  	   9659	  
012-­‐013	   291	   45.96	   	  	   	  	   	  	   	  	   9662	  
011-­‐012	   292	   45.32	   	  	   	  	   	  	   	  	   9665	  
010-­‐011	   293	   47.28	   0.23	   2.47	   10.62	   	  	   9668	  
009-­‐010	   294	   48.15	   	  	   	  	   	  	   	  	   9671	  
008-­‐009	   295	   47.37	   	  	   	  	   	  	   	  	   9674	  
007-­‐008	   296	   45.65	   	  	   	  	   	  	   	  	   9678	  
006-­‐007	   297	   46.14	   0.23	   2.39	   10.40	   	  	   9681	  
005-­‐006	   298	   48.59	   	  	   	  	   	  	   	  	   9684	  
004-­‐005	   299	   50.12	   	  	   	  	   	  	   	  	   9687	  
003-­‐004	   300	   51.68	   	  	   	  	   	  	   	  	   9690	  
002-­‐003	   301	   55.40	   0.30	   2.88	   9.70	   	  	   9693	  
001-­‐002	   302	   60.85	   	  	   	  	   	  	   	  	   9696	  















Cymbella	   Navicula	  _	   acuta	  
042-­‐043	   260	   13	   3	   1	   0	   2	   1	  
046-­‐047	   256	   1	   3	   2	   	  	   	  	   	  	  
050-­‐051	   252	   4	   3	   2	   	  	   	  	   	  	  
054-­‐055	   248	   1	   4	   	  	   	  	   	  	   	  	  
058-­‐059	   244	   3	   	  	   	  	   	  	   	  	   	  	  
062-­‐063	   240	   10	   6	   	  	   	  	   1	   	  	  
066-­‐067	   236	   26	   23	   2	   	  	   9	   3	  
070-­‐071	   232	   35	   17	   14	   	  	   5	   	  	  
074-­‐075	   228	   19	   11	   5	   	  	   4	   	  	  
078-­‐079	   224	   32	   60	   31	   3	   17	   	  	  
082-­‐083	   220	   23	   44	   6	   4	   10	   	  	  
086-­‐087	   216	   12	   36	   7	   7	   6	   	  	  
090-­‐091	   212	   7	   27	   4	   3	   4	   	  	  
094-­‐095	   208	   2	   21	   	  	   1	   1	   	  	  
098-­‐099	   204	   25	   42	   6	   	  	   330	   	  	  
102-­‐103	   200	   47	   242	   	  	   1	   616	   36	  
106-­‐107	   196	   18	   230	   3	   5	   168	   4	  
110-­‐111	   192	   170	   	  	   	  	   	  	   180	   4	  
114-­‐115	   188	   5	   110	   	  	   	  	   	  	   	  	  
118-­‐119	   184	   2	   49	   	  	   3	   	  	   	  	  








(cm)	   Nitzschia	   Epithemia	   Eunotia	  
Gomphonema	  
acuminatum	   kobayasii	   N/A	  
042-­‐043	   260	   0	   0	   0	   0	   0	   3	  
046-­‐047	   256	   	  	   	  	   	  	   	  	   	  	   	  	  
050-­‐051	   252	   	  	   	  	   	  	   	  	   	  	   	  	  
054-­‐055	   248	   	  	   	  	   	  	   	  	   	  	   	  	  
058-­‐059	   244	   	  	   	  	   	  	   	  	   	  	   	  	  
062-­‐063	   240	   	  	   	  	   	  	   	  	   	  	   	  	  
066-­‐067	   236	   2	   2	   7	   	  	   9	   	  	  
070-­‐071	   232	   4	   4	   4	   	  	   21	   	  	  
074-­‐075	   228	   2	   4	   7	   	  	   	  	   9	  
078-­‐079	   224	   6	   42	   28	   	  	   	  	   27	  
082-­‐083	   220	   	  	   13	   11	   	  	   	  	   4	  
086-­‐087	   216	   4	   9	   6	   1	   	  	   3	  
090-­‐091	   212	   	  	   1	   	  	   	  	   	  	   1	  
094-­‐095	   208	   2	   	  	   	  	   	  	   	  	   	  	  
098-­‐099	   204	   17	   255	   217	   	  	   	  	   77	  
102-­‐103	   200	   7	   490	   244	   15	   	  	   44	  
106-­‐107	   196	   6	   164	   120	   9	   	  	   	  	  
110-­‐111	   192	   	  	   114	   92	   3	   	  	   2	  
114-­‐115	   188	   	  	   	  	   	  	   	  	   	  	   	  	  
118-­‐119	   184	   	  	   	  	   	  	   	  	   	  	   	  	  









Meridion	   Gyrosigma	  
spenceri	  
Rhopalodia	  
gibba	   Aneumastus	  
Staurosira	  
construens	  N/A	   circulare	  
042-­‐043	   260	   0	   0	   1	   0	   0	   0	  
046-­‐047	   256	   	  	   	  	   	  	   	  	   	  	   	  	  
050-­‐051	   252	   	  	   	  	   	  	   	  	   	  	   	  	  
054-­‐055	   248	   	  	   	  	   	  	   	  	   	  	   	  	  
058-­‐059	   244	   	  	   	  	   	  	   	  	   	  	   	  	  
062-­‐063	   240	   	  	   	  	   	  	   	  	   	  	   	  	  
066-­‐067	   236	   	  	   	  	   	  	   	  	   	  	   	  	  
070-­‐071	   232	   	  	   	  	   	  	   	  	   1	   	  	  
074-­‐075	   228	   4	   	  	   	  	   1	   1	   	  	  
078-­‐079	   224	   12	   	  	   	  	   	  	   16	   16	  
082-­‐083	   220	   2	   	  	   	  	   	  	   	  	   28	  
086-­‐087	   216	   	  	   	  	   	  	   1	   4	   26	  
090-­‐091	   212	   	  	   	  	   	  	   	  	   	  	   48	  
094-­‐095	   208	   	  	   	  	   	  	   	  	   	  	   24	  
098-­‐099	   204	   	  	   	  	   	  	   14	   	  	   132	  
102-­‐103	   200	   3	   	  	   	  	   12	   	  	   29	  
106-­‐107	   196	   	  	   	  	   1	   5	   	  	   117	  
110-­‐111	   192	   	  	   	  	   	  	   6	   	  	   14	  
114-­‐115	   188	   	  	   	  	   	  	   	  	   	  	   45	  
118-­‐119	   184	   	  	   	  	   3	   	  	   	  	   6	  














binodis	   Cymatopleura	   Craticula	   Encyonema	  
042-­‐043	   260	   0	   0	   0	   0	   0	   0	  
046-­‐047	   256	   	  	   	  	   	  	   	  	   	  	   	  	  
050-­‐051	   252	   	  	   	  	   	  	   	  	   	  	   	  	  
054-­‐055	   248	   	  	   	  	   	  	   	  	   	  	   	  	  
058-­‐059	   244	   	  	   	  	   	  	   	  	   	  	   	  	  
062-­‐063	   240	   	  	   	  	   	  	   	  	   	  	   	  	  
066-­‐067	   236	   	  	   1	   	  	   	  	   	  	   	  	  
070-­‐071	   232	   	  	   3	   	  	   	  	   1	   	  	  
074-­‐075	   228	   	  	   2	   0	   0	   6	   0	  
078-­‐079	   224	   	  	   25	   	  	   10	   39	   	  	  
082-­‐083	   220	   	  	   22	   	  	   1	   18	   	  	  
086-­‐087	   216	   	  	   24	   	  	   	  	   44	   	  	  
090-­‐091	   212	   	  	   4	   	  	   2	   	  	   	  	  
094-­‐095	   208	   	  	   	  	   	  	   	  	   2	   	  	  
098-­‐099	   204	   5	   26	   4	   2	   	  	   	  	  
102-­‐103	   200	   1	   20	   8	   2	   	  	   23	  
106-­‐107	   196	   	  	   	  	   21	   	  	   	  	   15	  
110-­‐111	   192	   	  	   14	   	  	   	  	   	  	   10	  
114-­‐115	   188	   	  	   	  	   	  	   	  	   12	   	  	  
118-­‐119	   184	   	  	   	  	   	  	   	  	   7	   	  	  











042-­‐043	   260	   804	  
046-­‐047	   256	   774	  
050-­‐051	   252	   765	  
054-­‐055	   248	   749	  
058-­‐059	   244	   735	  
062-­‐063	   240	   737	  
066-­‐067	   236	   792	  
070-­‐071	   232	   805	  
074-­‐075	   228	   759	  
078-­‐079	   224	   1036	  
082-­‐083	   220	   846	  
086-­‐087	   216	   838	  
090-­‐091	   212	   737	  
094-­‐095	   208	   677	  
098-­‐099	   204	   1764	  
102-­‐103	   200	   2440	  
106-­‐107	   196	   1474	  
110-­‐111	   192	   1185	  
114-­‐115	   188	   736	  
118-­‐119	   184	   622	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